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I 

INTRODUCTION 

Although nuclear magnetic resonance (NMR) is a relatively new spectro¬ 
scopic technique, it has already found wide application in the solution of 
chemical problems, including numerous applications to the study of organo¬ 
metaiiic compounds. Chemical shift and spin-spin coupling data enable 
the chemist to determine the location of magnetically active nuclei in a 
molecule of interest, and to obtain preliminary structural information 
often not as readily deducible by other methods of spectroscopy. 

In addition, because of the quantum mechanical time scale of the NMR 
experiment, one can study certain time-dependent phenomena which are 
not generally accessible to the other branches of spectroscopy. Both molec¬ 
ular motion and chemical exchange may affect the appearance of NMR 
spectra. This unique characteristic is finding significant application in the 
study of organometaiiic compounds. The present review is designed to 
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provide information of benefit to the organometallic chemist who uses NMR 
as an investigative tool. We have assumed that the reader has a basic under¬ 
standing of the theory and practice of NMR spectroscopy. Those who do 
not may find it helpful to consult one of several excellent texts and reviews 
now available on NMR spectroscopy (2, f 55, 774, 257, 289, 290, 300, 301, 
and 339). 

We have chosen to define the term “organometallic” as referring to 
compounds which contain carbon atoms directly bonded to metal atoms. 
Principally because of restriction of space, we have not attempted to treat 
comprehensively the derivatives of the metalloid elements boron, silicon, 
and phosphorus. However, we have included selected compounds of these 
elements where these would supplement the discussions of other organo¬ 
metallic derivatives. Although we have attempted to present a comprehen¬ 
sive coverage of all the data available, the rapid growth of this field may have 
caused some inadvertent omissions. 


II 

CHEMICAL SHIFT AND SPIN-SPIN COUPLING 

A, Theory 

1. Chemical Shifts 

The calculation of chemical shifts is closely related to the calculation of 
diamagnetic susceptibilities, which has been a long-standing problem to 
chemists in general. The attempts thus far have made use of valence- 
bond or other molecular wave functions and even for simple molecules 
are necessarily approximate. Developments in this general area have 
recently been reviewed (see, for example, Meiboom, 248a), but very few 
papers have been concerned directly with organometallic systems. The 
difficulty of matching calculated to observed values is that the experi¬ 
mental data are extremely precise—relative differences in most proton 
chemical shifts for instance are measured in parts per million—while our 
quantitative knowledge of the electron distribution in molecules simply 
has not come down to such precision. However, the chemical shifts of 
protons bound directly to transition metals show a much larger variation 
than do those bonded to carbon (25,56,57, 59,141,153,374), and are some¬ 
what more amenable to calculation. These have been carried out by 
Stevens, Kern, and Lipscomb {347a) for HCo(CO )4 and by Lohr and Lip¬ 
scomb (279) for a series of related compounds, using a modification of the 
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Ramsey theory [cf. (209), Ch. 7] developed by Kern and Lipscomb {188a) 
to eliminate the need for a knowledge of excited states. More recently, 
Buckingham and Stephens {42a) have shown that this treatment is inade¬ 
quate in complexes where the paramagnetic shielding contributes sub¬ 
stantially to the total shielding. 

Several organometallic compounds were included in a study of the effect 
of electronegativity and magnetic anisotropy of substituents on and 
chemical shifts in CH3X and CH3CH2X, by Spiesecke and Schneider {344), 
This work was an extension on and improvement of earlier work {10), 

Pitcher, Buckingham, and Stone {285) have discussed the anomalous 
chemical shift of fluorine atoms bonded to the a-carbon atom of perfluoro- 
alkyl-transition metal derivatives in terms of mixing of nonbonding electrons 
of the halogen with orbitals of the metal. Bennett, Pratt, and Wilkinson (27) 
have discussed the shielding of protons of olefins in the complexes of these 
ligands with transition metals. 

2. Spin-Spin Coupling Constants 

A calculation of spin-spin coupling constants using the valence-bond 
approximation was carried out by Klose {211) for alkyl derivatives of Si, 
P, Se, Cd, Sn, Te, Hg, Tl, and Pb. The agreement with observed values was 
gratifying in most cases, which included opposite signs for CH 3 —M and 
-CH 2 —M (see discussion of observed spectra for ethyl derivatives, below). 
The effect of substituents on coupling constants for Si^’—H (and —H) 
has been studied by Juan and Gutowsky {181a), They find that the effect of 
substituent on the s character in the bonding orbital of the central atom and 
the contact term are the dominant mechanisms responsible for the magnitude 
of the coupling. 

Correlation of coupling constants with atomic number in series of deriv¬ 
atives (including some organometallic compounds) in which hybridization 
parameters are equal or comparable has been carried out by Reeves and 
Wells (295)1. 

6. Experimental Observations 

1. General Comments 

Experimental data are summarized in the sections below. Certain empiri¬ 
cal relations between the data should become apparent from these Tables. 

1 For later papers in this vein see Ingleheld and Reeves [(178d)^ and references cited 
therein; Smith (342)\ and Tzalmona (358a)]. 
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These have often been noted by investigators, and are presented in the 
discussion below. In other instances they await recognition by readers 
of this article. In view of the limitations of present theoretical treatments, 
such empirical relations are important. First, they allow one to assess 
important structural features of the molecules under study from the data 
available. In addition, these relations may serve as a guide for future 
theoretical developments. 

Methods for determining magnetic susceptibility by magnetic resonance 
have been reported and these should be of general interest (705a, 12%^ 133a), 

In order to facilitate the comparison of NMR data reported relative to a 
variety of standards, an attempt has been made in the Tables to convert all 
values to a common reference scale. For protons, the r scale (cf. Tiers, 353) 
has been used. On this scale, (CH 3 ) 4 Si is the reference compound and is 
assigned the value r = 10. Data for which a different scale was used are listed 
in the Tables as originally reported, together with the approximate equi¬ 
valent T value, obtained according to the conversion factors given below. 
Similarly, F^^ chemical shifts have been standardized relative to CCI3F. 
The conversions must be considered only approximate, being accurate to 
± 0.1 to 0.3 ppm. We have followed the sign convention that positive values 
increase to higher field. In some instances, this has required inversion of the 
signs used in the original report. 


Conversion Factors For Chemical Shifts® 


- S(CH,)4Si ” 


^h,o + 5.22 
Sc.h„ + 8.57 
‘ ^chci, + 2.65 
^c,h, + 2.63 

.^CHaCl, + 4-70 


^ — ^CClaF — 


ScfbCooh + 76.6 

. Sc,F b+132.1 

Sc,h,cf, + 63.6 

‘ScbF. +163.7 


® See (37); for protons see also, *‘Varian Catalogue,** No. 1, Varian Assoc., Palo Alto, 
Calif.; and for F^®, see (31a), (112), and (257b). 

Compounds containing more than one kind of ligand are cross-referenced 
in the appropriate Tables. 

2. a-Bonded Derivatives 

Chemical shifts and spin-spin coupling data for o-bonded organomet&llic 
compounds are summarized in Tables I through IX. Within each table, the 
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compounds are arranged in the order of the groups in the Periodic Table, 
with derivatives of the main group elements preceding those of the transition 
metals. When more than one set of data is available for a given compound, 
each set has been listed separately. 

Chemical shift and coupling data not directly involved with the organic 
group under consideration have been included in the Tables under 
‘‘Remarks.” 

Methyl Derivatives {Table /). Due to the simplicity of the spectra of methyl 
derivatives of the metals, they have been favored for studies of various 
electronic effects of the metal atom, and data are therefore available for a 
large number of these compounds. 

There has been considerable speculation over a long period of time 
concerning the structure of dialkylaluminum chlorides and alkylaluminum 
dichlorides. These compounds, as well as the trialkylaluminums, are dimeric 
in solution. In order for (CH 3 ) 6 Al 2 , for instance, to exist as a dimer, bridging 
methyl groups must be invoked. On the other hand, in the case of the 
alkylaluminum chlorides, bridging could occur alternatively via the chlorine 
atoms, and for various reasons this has often been held to be more probable. 
Several groups of investigators (154, 775, 260) have succeeded in demon¬ 
strating that at low temperatures (CH 3 ) 6 Al 2 does indeed exhibit two distinct 
resonances, and that the proton resonance of (CH 3 ) 4 Al 2 Cl 2 gives no indi¬ 
cation of dividing or even broadening at temperatures down to about 75°. 
It has thus been concluded that the alkylaluminum chlorides bridge through 
chlorine atoms. 

Numerous studies have been made on methyl derivatives of the Group 
IV elements. Allred and Rochow {11) have suggested a correlation between 
chemical shifts of (CH 3 ) 4 M (M = C, Si, Ge, Sn, Pb) and the electro¬ 
negativities of the central atoms. On the basis of this and other evidence they 
have concluded that there is an alternation in electronegatives as one 
descends the elements of the fourth group. Kaesz and Holmes {176) have 
observed the proton resonances of solutions of the methyltin chlorides and 
have suggested a correlation between the changes in Sn—H spin-spin 
coupling constants and the hybridization of the tin orbitals in the various 
methyltin cations assumed to be present. 

Several studies of methyl derivatives of the Group IV elements have 
involved estimations of the extent to which the d orbitals of these atoms, 
especially silicon, are engaged in d„-p„ overlap with substituent groups. For 
instance, Brown and Webster {34) have studied the series of compounds 



TABLE I 


Methyl Derivatives 


Rel¬ 

ative 


Compound 

h 

(ppm) 

T 

(ppm) 

inten¬ 

sity 

7 

(cps) 

Remarks 

References 

Group I 

MeLi 

— 

11.3 

— 

— 

5 % in ether 

128 

Group II 

MeMgl 

— 

11.3 

— 

— 

5 % in ether 

128 

Me2Mg 

— 

11.3 

— 

— 

1 % in ether 

128 

Group III 

MesB 

— 

9.21 

— 

— 

SBF,-OEt,= “85 

140 

MesB 

4.57 (CH 2 CI 2 ) 

9.2 

— 

— 


73 

MesB 

— 

— 

— 

— 

S(MeO),B“ = “ 68.2 

282 

MesB: NMes 

5.65 (CH 2 CI 2 ) 

10.3 

— 

— 

tmcjN = 2.93 

73 

MesBVi 

— 

9.18 

— 

— 

Tvi = 3.65, SBF,-OEt, = — 74.5 

140 

MeBF3-/H20 

— 

— 

— 

— 

SccijF = 132, = 64 

346 

MeBVis 

— 

9.14 

— 

— 

Tvi = 3.52, SbFj-oei, == “64.4 

140 

(Me3Al)2 

1.82 (C 5 H 10 ) 

10.4 

— 

— 

At -75°, t = 9.7, 10.8 

154 

(MesAl )2 

— 

10.29 

— 

— 

22° C; at - 67°, t = 9.69, 10.59 

175 

(Me3Al)2 

1.75 (CeHis) 

10.3 

— 

— 


39 

(MesAl )2 

1.79 (C 5 H 10 ) 

10.4 

— 

— 

Room temp. 

260 

(MesAl )2 

1.04, 2.17(C5Hio) 

9.6, 10.7 — 

— 

-75°C, ratio 1:2 

260 

(MezAlCDs 

1.85 (C 5 H 10 ) 

10.4 

— 

— 

No splitting at —75° 

154 

(Me2AlCl)2 

— 

10.32 

— 

— 


175 

(Me 2 AlCl )2 

1.75 (C 5 H 10 ) 

10.3 

— 

— 


39 

(Me2AlH)2 

— 

10.49 

_ 

— 


175 
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(Me2A10Me)2 

— 

10.79 

— 

— 


175 

(Me2A10Et)2 

— 

10.77 

— 

— 


175 

[Me2A10C(Me)3]2 

— 

10.54 

— 

— 


175 

(MeAlCl 2)2 

1.61 (CsHio) 

10.2 

— 

— 


154 

(MeAlCl 2)2 

1.45 (C 6 H 12 ) 

10.0 

— 

— 


39 

(Me2A10SiMe3)2 

Me-Al 

10.82 

2 

— 


319 


Me-Si 

9.80 

3 

— 


318 

Me3Al(Me2NNMe2) 

— 

10.51 

— 

— 

Benzene soln, TjfMe, = 7.80 

109 

Me3Al(Me2NCH2NMe2) 

— 

10.93 

— 

— 

Benzene soln, TNMe, — 7.68, tch 3 = 7.06 

109 

Me2AlH:NMe3 

2.295 (C 6 H 12 ) 

10.86 

3 

— 

Doublet, TNMej = 7.61 

281 

MeAlH2:NMe3 

2.29 (C 6 H 12 ) 

10,85 

6 

— 

Doublet, TNMe, = 7.54, taih, = 6.46 

281 

MesAl/NMes 

— 

— •• 

— 

— 

1:1 ratio, TNMe, = 8.24 

251 

MesAl/NMes 

— 

— 

— 

— 

2:3 ratio, tnmo, = 8.14 

251 

Me3Al:NEt3 

— 

10.90 


— 


175 

Me3Al;NEt3 

— 

— 

— 

— 

TCH, = 7.64, TCHjCH, = 9.22 

251 

Me3Al/NEt3 

— 

— 

—• 

— 

2:5 ratio, tch, — 7.57, tch,ch, = 9.08 

251 

Mesin 

1.56 (C 5 H 10 ) 

— 

— 

— 

Temp, dependent 

259 

MesTl 

— 

9.48 

— 

251 

-85° 

221 

Me 2 TlEt 

— 

9.58 

— 

223 

— 85° See Table II for ethyl group 

221 

MeTlEt 2 

— 

9.73 

— 

187 

— 85° See Table II for ethyl group 

221 

Me3Tl/Me20 

— 

— 

— 

269.6 

-64° 

220 

MesTl/MesN 

— 

— 

— 

270.3 

-64° 

220 

MesTl 

— 

— 

— 

250.4 

-50° in PhCD3 

220 

Me2TlVi/Me20 

— 

— 

— 

294.6 

See Table V for Vi group 

220 

Me2TlVi/Me3N 

— 

— 

— 

295.5 

See Table V for Vi group 

220 

MeTlVi2/Me20 

— 

— 

— 

316.8 


220 

MeTlVi/Me 3 N 

— 

— 

— 

317.4 


220 

Me2TlI 

-0.345 (C 6 H 12 ) 

8.22 

— 

413.4« 

Pyridine soln 

159 

Me2TlC104 

—0.340 (C 6 H 12 ) 

8.22 

— 

415.5“ 

Pyridine soln 

159 





406.0“ 

D 2 O soln 

159 
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TABLE I —continued 


Compound 

5 

(ppm) 

T 

(ppm) 

Rel¬ 

ative 

inten¬ 

sity 

j 

(cps) 

Remarks 

References 

MezTlOH 

+ 0,09 (CeHia) 

8.65 

_ 

421.0« 

Pyridine soln 

159 





406.0“ 

D 2 O soln 

159 

(Me2Tl)3P04 

0.12 (CeHiz) 

8.68 

— 

421.0“ 

Pyridine soln 

159 





406.0“ 

D 2 O soln 

159 

Me 2 TlMn 04 

0.10(C6Hi2) 

8.66 

— 

421.5“ 

Pyridine soln 

159 





407.5“ 

D 2 O soln 

159 

(Me 2 Tl) 2 C 03 

0.05 (CeHiz) 

8.61 

— 

422.0“ 

Pyridine soln 

159 





407.0“ 

D 2 O soln 

159 

MezTlCN 

-0.166 (C 6 H 12 ) 

8.39 

— 

423.5“ 

Pyridine soln 

159 

Me 2 TlSCN 

-018(C6Hi2) 

8.38 

— 

426.5“ 

Pyridine soln 

159 





406.0“ 

D 2 O soln 

159 

Me 2 Tl lactate 

0.01 (C 6 H 12 ) 

8.57 

— 

429.0“ 

Pyridine soln 

159 





408.0“ 

D 2 O soln 

159 

Me 2 Tl trifluoroacetate 

-0.11 (CeHia) 

8.45 

— 

432.0“ 

Pyridine soln 

159 





406.5“ 

D 2 O soln 

159 

Me2TlF 

— 

— 

— 

407.0“ 

D 2 O soln 

159 

(Me2Tl)2S04 

— 

— 

— 

408.0“ 

D 2 O soln 

159 

(Me2TJ)2Cr04 

— 

— 

— 

406.5“ 

D 2 O soln 

159 

Group IV 







Me4Si 

4.74 (H 2 O) 

10.00 

— 

— 


11 

Me4Si 

— 

10.00 

— 

— 


34 

Me4Si 

8.0 cps 

— 

— 

__ 

Footnote b. = 129.0 ppm, 

344 


(gaseous CH 4 ) 




J^c“-h=119 


Me4Si 

— 

— 

— 

6.8 


211 
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Me4Si 


— 

— 

MeaSiCl 


— 

9,58 

MesSiCl 


0.9 (CeHia) 

9,5 

MeaSiVi 


— 

8.62 

MeaSiH 


— 

9.92 

MeaSiVia 


_ 

8.68 

MeaSiCla 


— 

9.20 

MeaPhSiH 


— 

9.68 

MeaClSiH 


— 

9.49 

MeSiCla 


— 

8.86 

MeClaSiH 


— 

9.12 

MePhaSiH 


— 

9.46 

MeeSia 



9.96 

MeeSiaO 


— 

9.95 

Me4Ge 


_ 

9.873 

Me4Ge 


4.62 (HaO) 

9.88 

Me4Ge 


4.62 (HaO) 

9.88 

Me4Ge 


— 

9.87 

Me4Ge 


0.0 cps 

— 



(gaseous CH 4 ) 


Me4Ge 


— 

— 

MeeGea 


— 

9.79 

MeeGeaO 


— 

9.70 

MeaGeOLi 


— 

9.634 

MeaGeSeLi 


— 

9.37 

[MeaGe]aSe 
MezGe—O. 



9.34 

o J 

^ch/ 

J 


9.34 


— 

>‘“-h = 119 

233 

— 


34 

— 


349 

_ 

See Table V for vinyl group 

172 

— 

TSIH = 6.15 

366 

— 

See Table V for vinyl group 

172 

— 


34 

— 

TsiH = 5,57. See Table VII for Ph 

366 

— 

TSiH = 5.13 

366 

— 


35 

— 

TSIH = 4.42 

366 

— 

TsiH = 5.08. See Table VII for Ph 

366 

— 


34 

— 


34 

2.92 


341 

— 

CCI 4 soln 

296 

— 


11 

— 


362 

— 

= 130.4 ppm. Footnote b. 

Jc’-H = 126 

344 

— 

Jc“-h=124 

233 

— 


35 

— 


35 

— 


312 

— 


313 

— 


313 

— 

TCH, = 5.3, Tph = 3.2 

373 


o 
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TABLE I —continued 


Compound 

h 

(ppm) 

T 

(ppm) 

Rel¬ 

ative 

inten¬ 

sity 

j 

(cps) 

Remarks 

References 

MesGeOSiMea 

_ 

9.65 

_ 

_ 

= 126.0,117.8; tsimc, = 10.00; 

319 






J^sr*Me = 6.8 

318 

MeaGeO SiEts 

— 

9.59 

— 

— 

TCH, = 9.47, = W 8.0, TSlCHjCH, = 

8.0 319 







318 

Me2Ge(OSiMe3)2 

— 

9.52 

— 

— 

TsiMe = 9.94 

319 

MeGe(OSiMe3)3 

— 

9.40 

— 

— 

TsiMe = 9.92 

319 

Me3Ge(C3H5) cis 

— 

9.75 

— 

— 

See Table VI for C 3 H 5 

331 

Me 3 Ge(C 3 H 5 ) trans 

— 

9.82 

— 

— 

See Table VI for C 3 H 5 

331 

Me4Sn 

— 

9.93 

_ 

_ 


34 

Me4Sn 

7.15 (CeHe) 

9.78 

— 

— - 


55 

Me4Sn 

— 

9.93 

— 

51.1,53.4 

182 

Me4Snii9 

1.36 (CeHiz) 

9.9 

— 

54.2 

= 127.0 

209 

Me4Snii7 

— 

— 

— 

51.9 


209 

Me4Sn 

— 

9.94 

— 

51.8, 54.1 

35 

Me4Sn 

4.70 (HaO) 

9.96 

— 

— 


11 

Me4Snii» 

— 

— 

— 

54 


45 

Me4Sn 

— 

— 

— 

51.5,54.0 31°C 

176,361 

Me4Sn 

— 

— 

— 

— 

= 128 

233 

Me4Sn 

6.0 cps 

— 

— 

— 

5c^*,h, = 137.6 ppm. Footnote b. 

344 


(gaseous CH 4 ) 




Jfc‘--H = 128 


MeaSnCl 

6.65 (CeHfl) 

9.28 

— 

— 


55 

MeaSnCl 

— 

9.37 

— 

— 


34 

MeaSnii’Cl 

— 

— 

— 

55.5 


233 
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MesSnii^Cl 

— 

— 

— 

58.5 



233 

MeaSnCl 

— 

— 

— 

57.4, 59.7 

40® C 

176,361 

MeaSnBr 

6.60 (CeHe) 

9.23 

— 

— 



55 

MegSnCFa 

6.98 (CeHe) 

9.61 

— 

— 

ScFjCOgH = —29.1 


55 

MeaSnH 

— 

9.82 

— 

54, 56 

TsnH == 5.27 ;J^HSnCH = 2.4; JsnH — 1744, 

127 






1664;Jc"h= 128.5 



Me3Sn~Li+/MeNH2 

— 

10.4 

— 

14 



127 

MezSnClz 

6.38 (CeHe) 

9.01 

— 

— 



55 

Me2SnCl2 

— 

8.83 

— 

— 



34 

Me2SnCl2 

— 

— 

— 

68.0, 71.0 

110°C 

176,361 

Me 2 SnCl 2 /acetone 

— 

— 

— 

— 

Jsn“’cH, = 80; SMCiSn"* = —36 + 2 


45 

Me2Sna2/H20 

— 

— 

— 

98 (Sniis) 



45 

Me2SnH2 

— 

9.80 

— 

57.6, 60.2 

J^HsnCH = 2.65; TsnH = 5.24; 


64 






JsnH = 1717.4, 1797.1; = 129.9 


Me 2 Sn(CF 3 )Cl 

6.60 (CeHe) 

9.23 

— 

— 

ScFjCooH = —28.2 


55 

MeSnCls 

— 

8.35 

— 

— 



34 

MeSnCb 

— 

— 

— 

95.7, 100.0 

55°C 

176, 361 

MeSnHa 

— 

9.73 

— 

62 

TsnH = 5.86; =130; J^hshch = 

JsnH = 1770, 1852 

2.7; 

127 

Me6Sn2 

— 

9.81 

— 

46.2, 48.3 

^CHg-Sn-Sn = 16.2 


182 

Me6Sn2 

— 

9.78 

— 

46.4, 48.4 

.7cH,SnSn = 16.0 


35 

(Me3Sn)20 

— 

9.73 

— 

— , 



34 

(Me3Sn)20 

— 

9.78 

— 

53.6, 56.0 



321 

(Me3Sn)2CH2 

— 

9.94 


50.7, 52.9 

TCH, = 10.28; JsnCH. = 57.7, 60.3 


182 

Me2Sn(CF2CF2H)2 

— 

9.37 

— 

61.5,64.5 

See Table IV for CF 2 CF 2 H group 


64 

Me2SnH(CF2CF2H) 


9.69 

— 

60.1, 62.8 

See Table IV for CF 2 CF 2 H group 


64 

(Me3Sn)2Se 

— 

9.434 

— 

53, 56 



313 

Me3SnOSiMe3 

— 

9.66 

— 

53.4, 55.8 

TSlMe, = 10.04, J^Si”CHa = 6.72 

318,319 

Me3SnN(SiMe3)2 

— 

9.69 

— 

53.4, 55.8 

TSlMCa = 6.60 

318,319 

Me2Sn(OSiMe3)2 

— 

9.44 

— 

68.0, 71.4 

TSiMe, = 9.98 


321 

Me3SnOSiMe3 

— 

9.66 

— 

68.0, 71.4 

Ts:cH, = 10.04, J^sr*Me = 6.72 


321 


Nuclear Magnetic Resonance 



TABLE I —continued 


Rel¬ 

ative 


Compound 

5 

(ppm) 

T 

(ppm) 

inten¬ 

sity 

j 

(cps) 

Remarks References 

(Me3SnO)2SiMe2 

_ 

9.62 

_ 

57.6, 60.0 

TSlMe = 10.10 

321 

MeSn(OSiMe 3)3 

— 

9.35 

— 

— 

TsiMe = 9.94 

321 

Me3SnSn(Me)2SnMe3 
Chain end 


9.73 


45.8, 47.6 

.7snSnMe = 15.6 

35 

Interior 

— 

9.60 

— 

42.8, 44.3 

^SnSnMe = 20.2 


[Me 2 Sn]* linear 

Chain end 


9.63 


46.0, 48.0 

^SnSnMe = 15.7 

35 

Interior 

— 

9.35 

— 

40.4 

JsnSnMe = 20.6 


(Me 2 Sn )6 cyclic 

— 

9.45 

— 

— 

.7siiMe = 41.2, JfsnSnMe = 20.6, 

35 

Me 3 Sn(C 3 H 5 ) trans 

_ 

9.92 


54 

.7snSnSnMe =1.3 

See Table VI for C 3 H 5 

331 

Me 3 Sn(C 3 H 5 ) cis 

— 

9.85 

— 

— 

See Table VI for C 3 H 5 

331 

Me4Pb 

4.04 (H 2 O) 

9.30 

— 

— 


11, 296 

Me4Pb 

— 34.0 cps 

— 

— 

— 

= 131.6 ppm. Footnote h. 

344 

Me4Pb 

(gaseous CH 4 ) 



55.3 

Jc”h = 133 

211 

Me4Pb 

— 

— 

— 

62.0 

Jc^»h = 134 

233 

MeaPbH 

— 

9,15 

— 

67 

TpbH = 2.32,^HPbMe = 1.5,^PbH = 2379, 

127 

Me 3 PbH 

5.0 (CH 2 CI 2 ) 

9.7 

_ 

68 

Jc“h=136 

101 

Me4Pb 

— 

9.27 

— 

61.0 

Jc‘“h= 135.3 

322 

Me3PbOSiMe3 

— 

8.79 

— 

69.5 

TSlMe = 10.06, ^c“Me = 136.0 

322 

MesPbOSiEta 

— 

8,82 

— 

69.0 

TsiCH, = 9.63, TsicHgCHj = 9.09,^hbi= 8.0 

322 
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Group V 


MesN 

3.18 (H 2 O inf. diln) 

8.4 

— 

— 


8 

MesP 

4.30 (H 2 O inf. diln) 

9.5 

— 

— 


8 

MesAs 

4.39 (H 2 O inf. diln) 

9.6 

— 

— 


8 

MeaSb 

4.53 (H 2 O inf. diln) 

9.7 

— 

— 


8,246 

MesBi 

4.19 (H 2 O inf. diln) 

9.4 

— 

— 


8,246 

Group VI 







MegSe 

-*0.54 (C 6 H 12 ) 

8.0 

— 

11.2 

jrc“H= 140.2 

209 

Me2Te 

— 

— 

— 

20.7 

= 140.5 

213 

Transition Metals 







Me2Zn 

6.84 (CeHe) 

9.47 

— 

— 


244 

Me2Cd 

6.25 (CeHe) 

8.88 

—. 

— 


244 

Me2Cdiii 

— 

— 

— 

50.2 


209 

Me2Cdii3 

1.80 (C 6 H 12 ) 

10.4 

— 

50.2 

7c“h = 126.2 

209 

Me2Hg 

5.48 (CeHe) 

8.01 

— 

102 


90, 246 

Me2Hg 

5.46 (CeHe) 

8.09 

— 

— 


244 

Me2Hg 

— 

9.714 

— 

102.5 

Neat liquid 

220 a 

MeHgCl 

— 

8.908 

— 

202.5 

CH 2 CI 2 soln 

220 a 

MeHgCl 

4.8 (CeHe) 

7.4 

— 

— 

Inf diln 

244 

MeHgBr 

4.7 (CeHe) 

7.3 

— 

— 

Inf diln 

244 

MeHgl 

4.6 (CeHe) 

7.2 

— 

— 

Inf diln 

244 

MeHgl 

0.317 (C 6 H 12 ) 

8.877 

— 

200 

Pyridine soln 

160 

MeHgC 104 

— 

8.79 

— 

260.2 


220 a 

MeHgOAc 

— 

— 

— 

214-3 

CeHe soln 

160 





220.8 

Pyridine soln 

160 





233.4 

D 2 O soln 

160 

(MeHg)3P04 

— 

— 

— 

220.5 

Pyridine soln 

160 





233.2 

D 2 O soln 

160 

MeHgNOs 

— 

___ 

— 

240.6 

CeHe soln 

160 
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TABLE I—continued 


Compound 

8 

(ppm) 

T 

(ppm) 

Rel¬ 

ative 

inten¬ 

sity 

j 

(cps) 

Remarks 

References 

MeHgNOa 

— 

— 

— 

227.0 

Pyridine soln 

160 





259.2 

D 2 O soln 

160 

MeHgC 104 

— 

— 

— 

259.8 

CeHe soln 

160 





233.2 

Pyridine soln 

160 





259.6 

D 2 O soln 

160 

MezHg 

— 

9.67 

— 

104.3 

Pyridine soln 

160 

MeHgC 2 H 

— 

9.415 

— 

150.6 

Pyridine soln 

160 

(MeHg) 2 S 

— 

9.31 

— 

156.6 

Pyridine soln 

160 

MeHgCN 


9.21 

— 

178.0 

Pyridine soln 

160 

(MeHg) 3 P 04 

— 

9.135 

— 

220.5 

Pyridine soln 

160 

MeHgOAc 

— 

9.085 

— 

220.8 

Pyridine soln 

160 

MeHgOH 

— 

9.002 

— 

214.2 

Pyridine soln 

160 

MeHgCl 


8.985 

— 

215.2 

Pyridine soln 

160 

(MeHg) 2 S 04 

— 

8.978 

— 

216.0 

Pyridine soln 

160 

(MeHg)2C204 

— 

8.972 

— 

215.2 

Pyridine soln 

160 

MeHgSCN 

— 

8.943 

— 

208.0 

Pyridine soln 

160 

MeHgBr 

— 

8.937 

— 

212.0 

Pyridine soln 

160 

MeHgNOa 

— 

8.922 

— 

227.0 

Pyridine soln 

160 

MeHgC 104 

— 

8.730 

— 

233.2 

Pyridine soln 

160 

Me2Hg 

— 


— 

100.6 

CeHa soln 

160 





104.3 

Pyridine soln 

160 

MeHgCN 

— 

— 


176.0 

CdHe soln 

160 





178.0 

Pyridine soln 

160 

MeHgOH 

— 

— 

— 

204.0 

CeHe soln 

160 





214.2 

Pyridine soln 

160 

(MeHg)2S04 

— 

— 

— 

205.0 

CeHe soln 

160 





216.0 

Pyridine soln 

160 
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(MeHg)2C204 




MeFe(CO) 2 Cp 

— 

9.8 

— 

(Me3PtI)4 

— 

— 

— 

(MesPONOs 

— 

— 

— 

[Me 3 PtCH(COMe) 2]2 

— 

— 

— 

[Me3PtCH(COEt)2]2 

— 

— 

— 

[Me3PtCH(COC3H7)2]2 

— 

— 

— 

Me2Ptpy2Cl2 

Me4Pt2C8H8 




Me 

— 

9.22 

13 

CbHs 

Me2PtC8Hi2 

— 

4.28 

8 

Me 

— 

9.19 

8.5 

CH 

— 

5.11 

4.5 

CHj — 

[(CO)2MeFeC5H4CHNMe2]2 

7.62 

9.2 

FeMe 

— 

9.92 

6 

NMe 


7.88 

12 

NCH 

— 

6.54 

2 

C 5 H 4 

— 

5.3 

8 

Me2TiCp2 

— 

10.2 

— 

MeCr(NO) 2 Cp 

— 

9.5 

— 

MeMo(CO) 3 Cp 

— 

9.5 

'— 

MeW(CO) 3 Cp 

— 

9.6 

— 

MeMn(CO)5 

— 

10.1 

— 


205.0 

CeHe soln 

160 

215.2 

Pyridine soln 

160 

— 

TCp 5.6 

283 

77.9 

± 1.0, CeHe soln 

343 

77.7 

CHCI 3 soln 

343 

77.3 

H 2 O soln 

343 

78.9 

CeHe soln 

343 

71.6 

CeHe soln 

343 

74.9 

CeHe soln 

343 

83 


343 

81 


208 

12, 26,40 

Seven bands 


86 


208 

40 



18 




199b 


— 

TCp » 4.1 

283 


TcpftJ 5.2 

283 

— 

rcn^ 5.2 

283 

— 

TCp ^ 5.1 

285 


“J^xr^-CH, are 3.8 ±0.3 less in each case. 

^ 5 atm. compound and 5 atm. CH 4 or ^^CeHe at elevated temperature. 
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(CH 3 )„MCl 4 _„(M = C, Si, Sn;n = 1^). They found that the position of the 
methyl resonance shifted more or less regularly to lower field as additional 
chlorine atoms were introduced. This is the result expected if the inductive 
effect of the highly electronegative chlorine atoms were predominant. (An 
upheld shift would be expected as the result of d^-p^ bonding, which returns 
electron density to the central atom.) However, the shift is less for silicon 
and tin than for carbon, which has no d orbitals available to partake in com¬ 
pensating d^-p^ double bonding, and least of all for silicon, which is best able 
to engage in this type of overlap with a chlorine atom. A somewhat analogous 
interaction between phenyl-group tt electrons and silicon d orbitals was 
postulated (366) to account for observations on phenylmethylsilanes. 

In the case of (CH 3 ) 3 PbH there appear to be some discrepancies. Duffy 
et aL {101) observed several minor absorptions which they considered to 
arise from the lead-bonded protons present in the equilibrium 

(CHa)3PbH F^(CH3)3Pb- + (CH3)aPbH2+ 

More recently Flitcroft and Kaesz {127) have re-examined the spectrum, and 
were unable to detect several ofthe small peaks reported by the earlier workers. 
They have concluded that these peaks were due to impurities rather than the 
proposed equilibrium. 

Ethyl Derivatives {Table II), In 1955, in an early application of high- 
resolution NMR spectroscopy, Dailey and Shoolery (79) studied the effect 
of various electron-withdrawing substituents on the proton spectrum of the 
ethyl group. One of the interesting findings of these authors was the existence 
of a straight-line correlation between the Pauling electronegativities of the 
halogens and the difference in chemical shift between the methyl and 
methylene protons (Sch,”Schj = ^S) of the ethyl derivatives of these 
elements. Subsequent investigators have therefore tended to stress this 
quantity and its relation to the electronegativity of the substituent atom. 
More recently, Narasimhan and Rogers {267) have summarized the data for 
a number of ethyl derivatives of metals and metalloids and proposed slightly 
different constants for the equation when applied to these elements. Since 
there does seem to be an approximate correlation between Ah and the ranges 
of electronegativities given to the elements by various authors, this quantity 
has been included in the Table. 

Brownstein et al, (35), have used Ah values in a study of the relative 
electron-withdrawing power of Al and Ga in the free triethyls and in their 
diethyl ether complexes. The data lead to the conclusions that the electron- 



TABLE 11 
Ethyl Derivatives 


Compound 

0CHa 

t(CH3) 

ficHt 

T(CHa) 

flcH* — flcHa 

JM-Cat ^CHx-CHj 

Remarks References 

Group I 











EtLi 

5.93 (CeHe) 

8.6 

8.12 (C«H*) 

10.8 

-2.19 

~ 0 

~0 

8.4 

Li’; fi70%LiBr = —1.00; 67%i.iBr = 

36 










-1.28 


EtLi 

— 

— 

— 

10.99 

— 

0 

0 

8.9 

5% in ether 

128 

Group II 











EtMgBr 


— 

— 

10.62 

— 

— 

— 

8.96 

5% in ether 

128 

EtsMg/EtaO 

— 

8.840 

— 

10.84 

— 

— 

— 

— 

Satd soln in dioxane, cone dependent 

220a 

EtMgBr/EtaO 

— 

8.806 

— 

10.62 

— 

— 

— 

— 

0.020 M cone dependent 

220a 

Group III 











EtaB 

— 

— 

— 

— 

— 

— 

— 

— 

5B”(OMe)s = — 66.6 

282 

EtaB 

— 

— 

— 

— 

— 

— 

— 

— 

Et-mult., approx, center t = 8,91; 

140 










fiB“F 30 Et 2 — —85 


EtBCla 

— 

— 

— 

— 

— 

— 

— 

— 

= —16,0 

72 

EtBFa 

— 

— 

— 

— 

— 

— 

— 

— 

«B“cia-18.9 

72 

EtBF* 









ficcijp = 78.4 (neat), 74.6 (inf diln); 

= 81 

74 

EtaAl 

— 

_ 

_ 

_ 

-0.71 

_ 

_ 

7,9 


38 

EtsAl * OEta 

— 

— 

—. 

— 

-1.02 


— 

6.0 


38 

EtsAl * OEta 

— 

— 

— 

— 

2.25 

— 

— 

5.8 

Footnote a 

38 

EtaAlCl 

4.2 (HaO) 

9.4 

4.6 (HaO) 

9.8 

-0.4 





21 

EtaAlHNMes 

0.35 (CsHia) 

8.91 

1.59 (C*Hia) 

10.15 

— 

— 

— 

— 

Anchs = — 0.94 
tnch# = 7.62 

281 

EtAlHa-NMes 

0.47 (CaHia) 

9.03 

1.64 (CaHia) 

10.20 


— 

— 

— 

th — 6.46; TNCHa = 7.52 

281 

EtsAlNaMei 

1.54 

— 

2.72 

— 

— 

— 

— 

8,1 

Shifts relative to MeaNNMea group 

65 










of complex 


Et2AlClN*Me4 

1.54 

— 

2,58 

— 

— 

— 

— 

7.9 

Shifts relative to Me of (Me 2 N )2 of 

65 










complex 


[EtAlClaNHNMeala 

0.92 

— 

1.98 

— 

— 

— 

— 

— 

Snh = — 0.09; Snchj = 0 

65 

EtAICl3N2Me4 

1.59 

— 

2.47 

— 

— 

— 

— 

— 

SncHs = 0 

65 

[EtAIClNHNMeala 

0.92 

— 

1.98 

— 

— 

— 

— 

— 

Anchs = 0; 6nh — — 0.09 

65 

[EtAlOSiMeala 

— 

9.17 

— 

10.14 

— 

— 

— 

— 

TSIMes = 9.73 

319 

EtaGa 

_ 

_ 

_ 

_ 

-0.50 

_ 

_ 

7.9 


38 

EtsGa "OEta 

— 

— 

— 

— 

-0,58 

— 

— 

5.4 


38 

EtsGa • OEta 

— 

— 

— 

— 

2.12 

— 

— 

5.0 

Footnote a 

38 

[EtaTllaCOs 

_ 

— 

_ 

_ 

0.29 

338.0 

623.0 

7.6 

D 297 ti»"*ch, 3 . 4 ± 0.3 cps 

159 


-0.63 (C«Hi,) 

7.93 

Unobs. 

— 

— 

358.0 

— 

7.6 

Pyridine less than value 
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TABLE II —continued 


Compound 

fiCHa 

t(CH3) 

6cHa 

T(CHa) 

6cHa — ^CHa J^m-chs J^chs-chj 

Remarks References 

EtsTl lactate 

_ 

_ 

_ 

_ 

0.28 

338.0 

623.0 

7.6 

DaO given for Tl*®* 

159 


-0.31 (CeHia) 

8.25 

-0.62 

7.94 

— 

359.0 

620.0 

7.6 

Pyridine 


Et.TJSCN 

— 

— 

— 

— 

0.33 

337.0 

623.0 

7.6 

DaO 6.3 ±0.3 cps 

159 


-0.31 (C.H„) 

8.25 

-0.78 

7.78 

— 

361.0 

628.0 

7.6 

Pyridine less than value 


Et2TlC104 

— 

— 

— 

— 

0,30 

337.0 

623.0 

7.6 

DaO given for Tl“®* 

159 


-0,23 (CeHi*) 

8.33 

-0.97 

7.59 

— 

366.0 

638.0 

7.6 

Pyridine 


Et#TlNOs 

— 

— 

— 

— 

0.40 

338.0 

623.0 

7.6 

DaO 

159 


-0.29 (CeHis) 

8.27 

-0.83 

7.63 

— 

373.0 

630.0 

7.6 

Pyridine 


EtsTl 

— 

8.21 

— 

8.71 

-0.50 

198 

396 

7.7 


221 

EtaTlMe 

— 

8.18 

— 

8.71 

-0,53 

219 

441 

7.7 

J^Ti-cHa, J^Ti-CHa of opposite sign; 

221 

EtTlMea 

— 

8.20 

— 

8.66 

-0.46 

242 

473 

7.7 

see Table I for methyl group 

221 

Group IV 











EtdSi 

— 54.0 cpa 

— 

— 34.0 cps 

— 

— 

— 

— 

— 

«c».H 4 - 128.8 (CHa), 117.7 (CHs); 

344 


(gaseous CH 4 ) 


(gaseous CH 4 ) 






footnote b 


EtdSi 

3.80 (HsO) 

9.0 

4.22 (HaO) 

9.4 

-0.42 

— 

— 

7.9 


248 

EtsSiF 

— 

— 

— 

— 

— 

— 

— 

— 

6cci*p = 176.2 

112 

EtsSiCl 

— 

— 

— 

— 

-0.015 

— 

— 

— 


267 

EtSiCla 

— 

— 

— 


-0.019 

— 

— 

8.0 


267 

EtdGe 

— 

— 

— 

— 

-0.307 

— 

— 

7.8 


267 

EtdSnii’ 

_ 

_ 

_ 

_ 

-0.390 

-30.8 

-68.1 

-8.2 

J^8n-CHt» J^sn-cHa of Opposite sign 

265 

EtdSnA” 

— 

— 

— 

— 

-0.390 

32.2 

71.2 

8.2 

J'sa-CHt.^sn-cHs of Opposite sign 

265 

EtdSni” 

— 

— 

— 

— 

— 

49.1 

66.8 



209 

Et 4 Sn“» 

0.26 (CeHia) 

8.8 

0.64(C6Hia) 

9.2 

-0.37 

51.4 

69.8 

7.9 


209 

Et4Sn 

— 

— 

— 

— 

— 

— 

— 

— 

= 126.7 (CHa). 122.5 (CHa); 

344 










footnote b 


EtsSnii’CU 

— 

— 

— 

— 

-0.36 


131.7 

7.9 


134 

EtsSn”»Cls 

— 

— 

— 

— 

-0.36 


137,8 

7.9 


134 

Et8Sni”(OMc)s 

— 

— 

— 

— 

0.057 

70.5 

117.4 

8.0 


134 

Et»Snii»(OMe)s 

— 

— 

— 

— 

0.057 

73.6 

122.9 

8.0 


134 

Et4Pb 

_ 

_ 

_ 

_ 

-0 

41.0 

125 

8.2 

J^pt>-CHa» J^Pto-CHa of opposite sign 

265 

Et4Pb 

3.2 (HaO) 

8.4 

3.2 (HaO) 

8.4 

0 

31 

135 



21 

Et4Pb 

— 44,5 cps 


—44.5 cps 


0 




«c".H 4 = 117.9 (CHa). 112.8 (CHa); 

344 


(gaseous CH 4 ) 


(gaseous CH 4 ) 






footnote b 
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Group V 


EtsP 

— 

— 

— 


0.292 

0.5 

13.7 

7.6 

7p-chs,7p-chi of opposite sign 

265 

Group VI 











EtsSe 

0.0 (CsHxs) 

8.6 

-1,45 (CeHi*) 

7.1 

1.45 

<15 

<15 

7,0 


209 

EtaTe 

— 

— 

— 

— 

1,00 



7.0 


213 

Group VII 











EtF 

— 

8.76 


5.64 

3.12 

46.7 

25.2 

6.9 

Jp-cHi of same sign 

347 

Transition Metals 











EtsZn 

— 

— 

— 

— 

-0,848 

— 

— 

8.6 


267 

EtaCd”! 

— 

— 

— 

— 

— 

49.4 

57.2 



267 

EtaCd“» 

0.15(C.Hia) 

8.7 

0.91 (CsHii) 

9.5 

-0.76 

51.2 

59.8 

8.2 


267 

EtaHg 

4.75 (CsHe) 

7.4 

5.00 (CsHs) 

7.6 

-0.25 

91 

120 

7.5 

= 33.0 

90 

EtaHg 

— 

— 

— 

— 

-0.240 

87.6 

115.2 

7.0 

of opposite sign 

264, 266 

EtaHg 


8.706 

— 

8.996 

— 

— 

— 

— 

CHjCls soln 

220a 

EtsHg 

0.06 C#Hi*) 

8.62 

0.375 (C«Hn) 

8.93 

— 

100.1 

127.5 

— 

Pyridine soln; J’s solvent dependent 

160 

EtHgCI 

— 

8.652 

— 

8.026 

— 

— 

— 

— 

CHsClt soln 

220a 

EtHgCl 

+ 0.10(C.Hia) 

8.66 

-0.470 (C.Hi.) 

8.09 

*— 

216.0 

296.0 

— 

Pyridine soln, J^’s solvent dependent 

160 

EtHgBr 

— 

8.635 

— 

7.979 

— 

— 

— 

— 

CHsCIb soln 

220a 

EtHgBr 

+0.063 (CsHia) 

8.62 

-0.517 (CsHia) 

8.04 

— 

213.8 

301.0 

— 

Pyridine soln, J’s solvent dependent 

160 

EtHgl 

— 

8.571 

— 

7.897 

— 

— 

— 

— 

CHsCls soln 

220a 

EtHgCl04 

— 

8.69 

— 

7,71 

— 

— 

— 

— 

DaO soln 

220a 

EtHgCN 

+ 0.02 (C.Hit) 

8.58 

-0.260 (CeHi*) 

8.30 

— 

186.0 

222.0 

— 

Pyridine, J’s solvent dependent 

160 

EtHgNOs 

0 (C«Hi2) 

8.56 

-0.650 (CeHia) 

7.91 

— 

233.0 

311.0 

— 

Pyridine, J’s solvent dependent 

160 

CpFe(CO)*Et 

— 

— 

— 

— 

— 

— 

— 

— 

Center of Et resonance at t = 8.59, 

144 










12 peaks, rcp = 5.40 


Mn(CO) 5 Et 

— 

— 

— 

— 

— 

— 

— 

— 

Center of Et resonance at t = 8.69, 



six peaks 144 


For neat EtaO: (8chj — ficHi) = 2.50, J^chs-chi = 7.1 (/^2). 

5 Atm comp>oimd and 5 atm CH 4 or Ce^^He at elevated temperature. 
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withdrawing power of the metal atom is less in the complex, and that 
gallium is more electronegative than aluminum. The first conclusion is 
amply supported by theory and observation, but there will be many who will 
question the second statement, even though the evidence for electro¬ 
negativity alternation is growing (5, 267). 




Fig. 1. Proton NMR spectrum of tin tetraethyl at 60 Mc/sec (main multiplet only). 
The calculated spectrum (bottom) is the theoretical A 3 B 2 spectrum withf^AB/SAB] = 0.350, 
after Narasimhan and Rogers (26S) (reproduced with permission). 


Since the difference in chemical shift between the methyl and methylene 
protons of an ethyl group is generally of the same order of magnitude as the 
spin-spin coupling constant (with presently available spectrometer fre¬ 
quencies), these spectra tend to be of the type described as A 3 B 2 systems 
(Figs. 1 and 2). One consequence of the second-order spectra thus obtained 
has been to permit the ready calculation of relative signs of the spin-spin 
coupling constants of the protons with a magnetically active nucleus to which 
the group is bound. Thus, analysis of the spectra of ethyl derivatives of 
Sn^^^, Sn^^^, Pb^®^, and Hg^^^ showed that in each case the CH3 —M 




-15.0 -9.0 -3.0 0 3.0 9.0 15.0 21.0 270 33.0 39.0 450 51.0 
I Frequency cps , , 


Fig. 2. Experimental (top) and theoretical (bottom) proton NMR spectrum of zinc 
diethyl at 40 Mc/sec; the theoretical spectrum is calculated for S = —33.9 cps and = 8.6 
cps, after Narasimhan and Rogers (267) (reproduced with permission). 


ethyl fluoride spectrum indicating thatJ^CH,-F ^Rd^CHs-rhave the same sign 

im- 

A second generalization which can be made regarding these couplings 
in ethyl metal compounds is thatJ^CHs-M > Jchs-m* Again, C 2 H 5 —C^^and 
C 2 H 5 —obey the rule, but C 2 HS—does not. Theories which have 
been presented so far to explain this somewhat surprising relative magnitude 
ofy*s do not satisfactorily account for both the adherence of and to 
the trend, and the deviation of from it. 

Miscellaneous Alkyl Derivatives {Table III). Data for a number of metal 









Miscellaneous 


8 T 

Compound (ppm) (ppm) 

Group I 


(n-BuLi) 20Et 2 


CHz/Bu 

— 

10.98 

CHi/Et 

— 

6.37 

MeaCLi 

— 

9.01 

Hb Ha 

H 

0.05 (CsHe) 

9.83 

—0.46 (C 3 H 6 ) 

9.32 


2.5 (C 3 H 6 ) 

12.28 

Hb Ha 

Group II 

CH3CHCH2CH3MgBr 

CH3 

— 

8.5 

CHCH2 

— 

10.20 

CH3CHCH2MgBr 

1 

<!> 

(A) CHs 

— 

8.77 

(B)CH 

— 

7.06 

(C) CHa 

— 

10.00 

^CH2CHCH3 

1 

MgBr 

(A) CHz 

— 

7.33 

(B) CH 

— 

9.81 

(C) CHs 

— 

8.75 



Jbc = 6.6 8% in ether 128 

Jab = 6.5 


Jbc = 7.4 
Jab = 7.4 


5 % in ether 


128 
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W-C3H7BF2 

— 

— 

= 81 

Sccijp = 75.8 (neat) 

74 





= 72.8 (inf diln) 


ferf-BuB(i-Bu)2 






CHzitert) 

4.18 (H 2 O) 

9.4 

— 



CH3(0 

4.10, 4.25 (H 2 O) 

9.3, 9.5 

— 


81 

CH2(0 

(i~Bu)3B 

3.78,3.95 (H 2 O) 

9.0, 9.2 




CH 3 

4.15, 4,30 (H 2 O) 

9.4, 9.5 

— 


81 

CH 2 

(f-Bu)3Al 

3.80, 3,98 (H 2 O) 

9.0, 9.2 

— 



CH 3 

9.1 

— 

— 


175 

CH 2 

9.7 

— 

— 



CH 

8.1 

— 

— 



Group IV 






(«-C3H7)4Sn 

— 

— 

7sn-a-49.1 

ScH,— 5^ = 0.75 

212 




7so-^ = 67.2 
,7 ch 3-^ '^7.8 
Ja-^ = 7.S 

h-^a = -0.54 


(«-C3H7)4Pb 

— 

— 

Jpb-a = 40.5 

5ch,” 8^ = 0.55 

212 




Jpb-0= 102.4 

JCH3-0-7.3 
Ja-^ = 7.5 

8^-8a= -0.34 


Transition Metals 






(«-C3H7)2Cd 

— 

— 

JC(l-a=51.6 

8ch,-" 8^ = 0.68 

212 




Jcd-^ = 60.2 

'^7.4 

7a-0=7.4 

8^-8a= -0.97 


(CH2)3[FeCp(CO)2]2 






Cp 

— 

5.36 

— 


194 

CH 2 

(CH2)4[FeCp(CO)2]2 

— 

8.58 

— 



Cp 

— 

5.35 

— 


194 

CH 2 

— 

8.65 

— 
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Compound 


8 

(ppm) 

T 

(ppm) 

j 

(cps) 

Remarks 

References 

(CH2)5[FeCp(CO)2]2 







Cp 

— 


5.36 

— 


194 

CH 2 

— 


8.60 

— 



(CH 2 ) 8 [FeCp(CO) 2]2 







Cp 

— 


5.35 

— 


194 

CH 2 

— 


8.64 

— 



(CCH 2 ) 2 [FeCp(CO) 2]2 







Cp 

— 


5.28 

__ 


194 

CHz 

— 


8,30 

— 



Cp(i)Fe(CO)2(CH2)3-COFe(CO)2Cp(2) 






Cp(i) 

— 


5.27 

_ 


192 

Cp(2) 

— 


5.17 

— 



CH 2 C 0 

— 


7.09 

— 

Rel intensity 2 


(CH2)2 

— 


8.61 

— 

Rel intensity 4 


CH 3 COFe(CO) 2 Cp 







Cp 

— 


5.13 

— 


192 

CHa 

— 


7.43 

__ 



Me 2 NCOFe(CO) 2 Cp 







Cp 

— 


5.12 

— 


192 

CHs 

— 


7.02 

— 



(CH2)3[Mn(CO)5]2 

— 


5.14 

8 

See text p. 26 

192a 




6.32 

— 






8.04 

,— 



(CH 3 CH 2 ) 2 NCOFe(CO) 2 Cp 







Cp 

— 


5.15 

— 


192 

CH 2 

— 


6.57 

7 



CHa 

— 


8.91 

— 
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CH3C3H5[Mn(CO)5]2 



(j-C3H7)2Hg 

CH 

CHs 

(n-C3H2)2Hg 

a 

(»I-C3H7)2Hg 


CH30CH2CH2HgC0CH30CH3 

OL 

COCH 3 

HOCH2CH3HgOH 

COH 

P 

H, py 

H>C^ /PtCb 
Hi py 


— 

4.9 

— 


6.3 

— 


7,9 

7 


8.44 

— 

— 

8.33 

_ 


5.64 

— 


7.3 

— 


8.11 

— 

_ 

8.32 

_ 

— 

5.65 

— 

— 

6.73 

— 


7.28 

— 

4.85 (CeHe) 

7.5 

^Hg-CH ” 78 

4.85 (CeHe) 

7.5 

J^Hg-CH,= 126 

5.15 (CeHe) 

7.8 

J^Hg-a = 90 

4.20 (CeHe) 

6.8 

:?^g-3=io8 



J^Hg-a=95.0 
110.3 
- 7.2 
ya-0=7.2 

1.4 (H20) 

6.6 


1.1(H20) 

6.3 

— 

2.6 (H 2 O) 

7.8 

— 

2.8 (H 2 O) 

8.0 


-0.1 (H 2 O) 

5.1 

Ja-& ~ 8 

0.8 (H 2 O) 

6.0 

— 

1.8 (H 2 O) 

7.0 

— 

_ 

-7.5 



= 83 


Complex mult 192a 

Complex mult 
Complex mult 
Doublet 


CDCI3 soln 

355 

CDCI3 soln 

355 

Hgi99:5Me.Hg = 64.0 

90 

Hgl99:5Me,Hg = 24.0 

90 

5ch, —5^ — 0.89 
-0.76 

212 


68 


See also 370 
68 


3 
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derivatives in which the alkyl group is longer or of greater complexity than 
an ethyl group is gathered in Table III. 

It may be noted that in propyl derivatives, as in ethyl derivatives, coupling 
with a magnetically active nucleus is greater in magnitude for protons on the 
P carbon than for protons on the a carbon. The relative signs of the coupling 
constants have not been determined in this case, but they may be assumed to 
be opposite by analogy with that in the ethyl derivatives. 

In this section, two compounds deserve further comment. The compound 


Py 

Py Py = pyridine 


(la) 


H 

I 

(CO)5Mn— C—H 

H2C 
/ 

H-C—Mn(CO)5 


H 

(lb) 


(la) is the adduct of a platinum salt with cyclopropane. It was suggested that 
the cyclopropane ring in this (and in related compounds) remained intact, 
acting as a pseudo- 7 r-donor in a manner analogous to ethylene. The proton 
resonance spectrum, however, consists of a single peak representing all the 
protons which are accidentally coincident in chemical shift (J, 4), Also, 
satellite triplets arising from Pt^^^—H spin-spin coupling were observed, 
from which it was deduced that a CH 2 —Pt bond must be present in the 
structure indicated above. 

For the derivative (Ib), an unusual proton resonance spectum for the 
trimethylene group bridging the two metal atoms was obtained {192a), The 
only structure in agreement with all the data is the one shown above, which 
was put forth by the author. This is certainly one problem which is worthy of 
further attention since a most unusual role for the methylene hydrogen is 
postulated. 

Fluoroalkyl Derivatives {Table IV), The magnetic resonance spectra 
available for fluoroalkyl metal compounds thus far are mainly for derivatives 
of transition metals, only a few spectra having yet been reported for the 
many known derivatives of the main group elements. 

The only main group derivatives in which NMR appears to have played a 
role in structure determination are the CF 3 BF 3 -“ anion {54) and in the fluoro¬ 
alkyl derivatives of tin {64), For CF 3 BF 3 ~, the spectrum revealed coupling 





TABLE IV 


Fluoroalkyl Derivatives 



o“ 





ya 



Compound 

d 

0 


6 

0 

8 ^ 

Spin-spin couplings Remarks References 

Group III 









CFaBFs- 

- 2.06 (CF.COOH) 

74.5 

— 


— — 

— 

= 34, dcPscooH 77.3 

54 








= 39, (BF3~)(0 = 154) 

Jbf-cf = 0 


Group IV 









CFaSnMes 

29.1(CF3C00H) 

105.7 

— 


— — 

— 

See Table I for 

55 








methyl groups 


CFsSnMeECl 

28.2 (CFaCOOH) 

104.8 

— 


— — 

—> 

— 

55 

CEF5Sn(C2H5)3 

— 

120.3 

— 


84.4 — 

— 

— 

285 

C2F5Sn(C4Hi))3 

— 

120.4 

— 


83.9 — 

— 

II 

285 

(CaF4)aSn(CH3)2 


118.9 

— 


83.7 — 

— 

— 

285 

CsF7Sn(C4H.)3 

— 

118.2 

— 


122.7 — 

80.3 

J^a-y = 9.5 

285 

Me«Sn(CF 8 CF*H )2 

37.9 (CFsCOOH) 

114.5 

51.2 (CFsCOOH) 

127.8 — 

— 

J^snFa = 274±10; 

64 








J^SnF^ = 8± 1; 

jHFa = 5.1; 

J^HF^ = 56.7 


MeaSnH(CFaCF,H) 

38.2 (CF 3 COOH) 

114.8 

51.2 (CFsCOOH) 

127.8 

— 

J^SnHFa = 8.3; 

64 


J^snHP^ = 2.65; 
J^chPq = 5.6; 
J^CHF^ = 57.0 
J^shFq = 240, 
251±2; 
Jfsnr^ = 20±1 


Group V 

(C3F7)2PI 

— 

102.9 — 

119.7 — 

81.2 

7a-0 = 3.2; 

285 

(C3F7)2PC1 


120.1 — 

122.7 — 

81.2 

7a-y = 9.2; 

7p-a=23.6; 

>-/3=36.2; 

Jv-y — 9.2 

7a-y = 9.6; 

285 


>-a = 58.4; 
7p~j3 = 36.5; 
Jr-y = 9.6 


Transition Metals 
(HCF2CF2)Mo(CO)3Cp 

— 

59.9 

_ 

128.0 — 

_ 

7a-^ <1; 

285, 







J^a-H< 1; 

Ja-H = 58 

358 


Nuclear Magnetic Resonance 



TABLE IV- 


Compound 

a® 



d 

0 

A 

(HCFtCFs)W(CO)8Cp 

— 

57.1 

— 

(CFi)s[Mn(CO)5]8 


55 


(CO)»MnCO(CF.)8COMn(CO)5 

— 

109 

— 

CF8Mn(CO)5 

-85.8 (CFaCOOH) 

-9.2 

— 

C8FsMn(CO)5 

— 

68.8 

— 

C*F5COMn(CO)s 

— 

114.5 

— 

(CF8)8CFMn(CO)5 

87.1 (CFsCOOH) 

163.7 

-8.9 (CFaCOOH) 

n-CsF 7 Mn(CO)» 

-11.3 (CFbCOOH) 

65.3 

37.6 (CFaCOOH) 

C3F7Mn(CO)5 

— 

65.6 

— 

HCF8CF8Mn(CO)5 


59.8 


HCF 2 CF 8 COMn(CO)s 


117.5 



HCClFCFsMn(CO)» 


53.1'’ — 

HCa8CF8Mn(CO)8 

H(CF8)4COMn(CO)s 

51.8 (CFaCOOH) 

45.8 — 

128.4 33.6 (CFaCOOH) 


C*F6Re(CO)5 

— 

74.9 — 

C8F7Re(CO)5 

— 

72.7 — 

C8F5CORe(CO)5 

— 

116.7 — 

C8F7CORe(CO)5 

— 

113.7 ~ 


ro 

OD 
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CF 3 Fe(CO) 4 l 

— 

14.7 

— 

— 

— 

— 

— 


285 

(CsF 5 )*Fe(CO )4 

— 

74.0 

— 

83.7 

— 

— 

Ja--0 = 2.O 


285 

C2F5Fe(CO)4l 

— 

59.0 

— 

83.5 

— 

— 



285 

(C 3 F 7 )iFe(CO )4 

— 

69.1 

— 

115.3 

— 

78.6 



285 

C3F7Fe(CO)4l 

— 

54.9 

— 

114.4 

— 

78.2 



285 

(HCF 3 CF 3 )aFe(CO )4 


66.1 


124.7 



ya-n < 1 ; 

70-h = 57 

T = 4.53 

285 

(CFa) 4 Fe(CO) 4 '= 

— 

70.6 

— 

136.9 

— 

— 

J^a-p=2.4 


70 

(CFa)4Fe(CO)4‘' 

9.25 (<^CF3) 

73.0 

73.95 (</»CF3) 

137.6 




a, ^-assignments 
reversed in 
reference 

173 

CF3Co(CO)4 

-87 (CF 3 COOH) 

-10.4 

— 

— 

— 

— 

— 


237 

C8F5Co(CO)4 

-19.3 (CF 3 COOH) 

57,3 

6.0 (CF 3 COOH) 

82.6 

— 

— 

— 


237 

n-CsF7Co(CO)4 

-25.5 (CF 3 COOH) 

51.1 

18.4 (CFaCOOH) 

95,0 

2.0 

(CFaCOOH) 

78.6 

ya-y-iO 

a, ^-assignments 
reversed in 
reference 

237 

C 3 F 7 CoCp(CO) 3 l 

— 

56.3 

— 

114.1 

— 

79.1 

— 


285 

(CFa) 4 CoCp(CO)‘^ 


67.5^* 


135 



t- 4.57 (Cp) 


70 

(CO) 4 CoCFaCFaCo(CO )4 

-30.7 (<^.CF3) 

32.9 

— 

— 

— 

— 

— 


173 

(CFaCFalaHg 

31.9 (CF 3 COOH) 

108.5 

6.0 (CF 3 COOH) 

82.6 

— 

— 



214 


JfHg-a = 770 
7Hg-j9 = 71 


(CF3CFH)aHg 

146 (CFsCOOH) 

223 

-0.63(CF3COOH) 76.0 — 


J'h-j9 = 13; 

7H-a=48: 
J^Hg-a=480; 
7H,_jg = 161; 
J^He-H~0 

fiHB0=-1.3 214 

(t = 3.9) 

(CF 3 CHa) 2 Hg 



-28.9(CF3C00H) 47.7 — 


J^h-p = 15; 

J^Hg-p = 224 

00 

0 


“ **F chemical shift (position rel. to metal). 

** Center of AB pattern. flAB = 15.5 ppm, J^ab = 275 cps. 
' Structure is heterocyclic ring: 


CFi 

I 




M 


CF2 


/ 


\ 


** Center of AB pattern. dAB=6.26 ppm,J^AB = 218 cps. 
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of the nucleus with both groups of fluorine atoms, but no 
interaction. 

Fluorine NMR has proved extremely valuable in structure determination 
for perfluoroalkyl derivatives of transition metals (70, 274, 255, 359). The 
CF 3 portion of a perfluoroalkyl group, when not directly bonded to a metal 
atom, has a fairly consistent chemical shift, falling in the range <l> = 77-85, 
for both main group and transition metal derivatives. [The single exception 
is (CF 3 ) 2 CFMn(CO) 5 , which is structurally unique among the compounds 
reported.] This shift, together with the relative intensity of this absorption, 
is highly diagnostic of such a CF3 group. 

Similarly, a CF 2 group, when not bonded directly to a transition metaly 
has a fairly consistent chemical shift, falling in the range = 110-140. 
This also appears to be true for both transition metal and main group element 
derivatives. 

It is when one considers a CF 3 or CF 2 group directly bonded to a transition 
metal with an unfilled d orbital that “anomalous” shifts are found. These 
groups appear at much lower field than the same group not so bonded, being 
shifted downfield an average 60-70 ppm from the “normal” region of the 
group. Pitcher et ah (255), have attributed this shift to a deshielding of the 
fluorines in the a position through mixing of low-lying excited states 
involving the fluorine atom’s electrons and the metal atom’s empty 
d orbitals. These low-lying excited states in the bond between the a-CF 2 and 
the metal atoms gives rise to a substantial increase in the paramagnetic 
contribution to the magnetic screening constants of the F^^ nuclei, with a 
consequent sizable downfield shift. It will be noted that interposing a 
carbonyl group, as in CF 3 CF 2 CORe(CO) 5 , between the metal and the first 
CF 2 group destroys this interaction and removes the anomalous shift 
(Table IV).^ It is also interesting to note that mercury, in (C 2 F 5 ) 2 Hg, often 
considered to be a transition metal but which has 2i filled d subshell, does not 
cause this downfield shift of F^^ in the a position. 

This downfield shift has served as a useful diagnostic tool in determining 
the structures of various hydrometallation products (254, 359). Addition of a 
transition metal hydride to an olefin such as CCI 2 : CF 2 could occur so as to 
place either the CF 2 or the CCI 2 group in the a position. The F^^ NMR 
spectrum of the product of one reaction shows the CF 2 absorption at 
<^ = 45.8, thus establishing that the CF 2 group is in the a position, viz. 

2 Some typical spectra are shown in Fig. 1 of the chapter by Treichel and Stone in 
Volume 1 of Advances in Organometallic Chemistry. 
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80 100 120 
CHEMICAL SHIFT (ppm) 

(Relotivt to CCI3F) 


Fig. 3. Fluorine NMR spectra of perfluoroalkyl and perfluoroacyl metal derivatives 
(E. Pitcher, Ph.D. thesis, Harvard University, 1962, reproduced with permission). 

HCCl 2 CF 2 Mn(CO) 5 . This and related spectra are illustrated in Fig. 3. 
Note that the a-CF 2 of HCFClCF 2 Mn(CO )5 appears as an AB pattern, 
due to asymmetry of the HCFCl group. Later work on the addition of 
HMn (CO )5 to CF 2 =CCl 2 {373a) has revealed a second isomer, namely 
HCF2CCl2Mn(CO)5. 

In the case of the heterocyclic compounds (II) and (III) the observed low- 



field shift permitted a decision as to which absorption went with which pair of 
CF 2 groups. In the case of the cobalt compound, asymmetry about the 
(CF 2)4 ring, due to the presence of the cyclopentadienyl and CO groups on 
opposite sides, causes the a-CF 2 groups to appear as an AB pattern, since 




Vinyl 


Hc^ 


C- 


Compound 


He Ht 

6 T 8 


Group I 

CHirCHLi 


Group II 

CH.:CHMgCl/THF — 3.32 — 3.87 

CH*:CHMgBr/THF — 3.52 — 4.02 

Group III 

(CH»:CH)3B — — — — 

(CH*:CH)iBMe — — — — 


(CH*:CH)sBCl 

CH»:CHBMei 


CH»:CHBai 


CH*:CHBCU 

CH*:CHBFa 


ui 





19.3 

23.9 

7.1 

8 rel. to He; 

Ht = 0.51; 

Hc = 1.19 

179 

_ 

4.43 

17.6 

23.0 

7.5 


170 

— 

4.34 

17.2 

22.1 

7.4 


128 

— 

— 

- 

— 

— 

Multiplet, T = 3.45 ; 

= — 55.2 

140 






Multiplet, T = 3.52; 
SB^^Fj.oEti = —64.4; 
TCH) = 9.14 

140 

— 

— 

— 

— 

— 

Multiplet, T = 3.48; 
fifl^Fj.oEta == — 54.8 

140 






Multiplet, T = 3.65; 
^B'^FfOEti = —74.5; 
TCHi = 9.18 

140 

— 

— 

— 

— 

— 

Multiplet, T =3.49; 
fiB'^Fi.OEti = — 52.4 

140 

' — 

— 

— 

— 

— 

5b^^ci» = —6.2 

72 

— 

— 

— 

— 

— 

iJccijF = 92.7 (neat) or 

72,74 


88.6 (inf diln); 
7b‘"-f-67; 
«b“ci, = 24.2 
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CHs:CHBF3-7HiO 





(CH*;CH)3A10Etf 

-4.79 (CeHe) 

3.7 

-4.53 (C«H«) 

3.9 

(CHa:CH)3Ga 

— 

3.414 

— 

3.735 

(CH*:CH)T1(C104)8 





(CH2:CH)»T1C104 


— 

— 

— 

(CH,:CH) 3 _nTlMe„ 

— 

2.47 

— 

3.37 

Grovp IV 

(CH8:CH)4Si 

-0.26 (HaO) 

4.9 

-0.65 (HaO) 

4.6 

(CHa:CH)4Si 

— 

— 

— 

— 

(CHa:CH)4Si 

— 

— 

— 

— 

(CHa:CH)4Si 

— 

3.89 

— 

3.93 

(CHa;CH)8Si(^ 

— 

3.73 

— 

3.88 

(CH*:CH)aSi<^ 

— 

3.56 

— 

3.82 

(CH*:CH) 2 SiMea 

— 

5.34 

— 

5.52 

CHa:CHSi«^ 

— 

3.36 

— 

3.78 

CHi:CHSiMe3 

— 

5.34 

— 

5.58 

(CHa:CH)6Gea 

— 

3.806 

— 

4.042 

(CHa:CH)4Sn 

-4.79 (C.He) 

3.7 

-4.60 (C«H«) 

3.9 

(CHa:CH)4Sn 

-1.31 (HaO) 

3.9 

-1.11 (HaO) 

4.1 

(CH»:CH)4Sn 

— 

— 

— 

— 

(CH8:CH)sSnCl 

-1.53 (HaO) 

3.7 

-1.34 (HaO) 

3.9 

CHaiCHSnBuaCl 

-1.79 (HaO) 

3.4 

-1.53 (HaO) 

3.7 


ficciaF = 138; 

7b^^-f = 52; 
complex vinyl peak 
center t 4 


-4.18 (CaHa) 

4.3 

15.3 

21.4 

6.3 


252 

—^ 

4.127 

14.92 

21.16 

5.03 


256 



12.8 

20.0 

4.3 

DaO soln, 

= 2004; 

Jti««-c = 1806; 

Jti*”-t = 3750 cone, 
dependent 

220 






DaO soln, 

7ti”‘g = 842; 

7ti”'c = 805; 
7ti»‘’»t=1618 

220 

— 

5.87 

— 

— 

— 

1.0 Af soln in benzene- 

220 






at 26°C cone and 
solvent-dependent 


-0.64 (HaO) 

4.6 

-10.7 

15.3 

1.0 

Probably incorrect J^’s 

40 

— 

— 

15.33 

14.7 

20.47 

19.95 

2.70 

4.38 

1 Bothconsistent 
> with experimental 

J spectrum” 


— 

4.23 

14.6 

20.4 

3.6 

“Best values” 

171 

— 

4.23 

14.7 

20.4 

3.7 

T0 - 2.7 

171 

— 

4.24 

14.7 

20.4 

3.6 


171 

— 

5.78 

14.6 

20.2 

3.7 

TcHa = 8.68 

172 

— 

4.25 

14.7 

20.4 

3.6 

~ 2.7 

171 

— 

5.82 

14.6 

20.4 

3.8 

TCH* = 8.62 

172 

— 

4.408 

13.32 

20.07 

2,93 


52 

-4.15 (CaHe) 

4,3 

13.2 

20.3 

3.7 

Jan-G — 98.3; 

7sn-T = 183.1; 

Jatk-c — 90.6 

252 

-0.67 (HaO) 

4.5 

16.1 

20.7 

2.6 


40 

— 

— 

— 

— 

— 

Multi plet center, 

140 

-1.00 (HaO) 

4.2 

12.6 

19.1 

2.4 

T == 3.80 

40 

-1.17 (HaO) 

4.0 

15.0 

21.4 

2.4 


40 
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TABLE V —continued 


Compound 

Hg 

a 

T 

Ht 

a 

T 

He 

a 

T 

J^G-T 

J^C-G 

Jc-T 

Remarks References 

(CHi:CH)4Pb 

-1.95 (HaO) 

3.3 

-1.36 (HaO) 

3.9 

-0.72 (HaO) 

4.5 

12.1 

19.6 

2.0 

40 

Group V 

(CHa:CH)3As 

-1.30 (HaO) 

3.9 

-0.68 (HaO) 

4.5 

-0.44 (HaO) 

4.8 

11.5 

18.8 

1.6 

40 

(CH*:CH)sAsBu 

-1.48 (HaO) 

3.7 

-0.83 (HaO) 

4.4 

-0.61 (HaO) 

4.6 

11.9 

19.4 

1,9 

40 

CH*:CHAsBua 

-1.51 (HaO) 

3.7 

-0.86 (HaO) 

4.4 

-0.64 (HaO) 

4.6 

11.8 

19.1 

1.8 

40 

CH»:CHAsi^ 

-1.51 (HaO) 

3.7 

-0.65 (HaO) 

4.6 

-0.41 (HaO) 

4.8 

11.4 

19.0 

1,7 

40 

(CH2:CH)3Sb 

-1.68 (HaO) 

3.5 

-1.12 (HaO) 

4.1 

-0.68 (HaO) 

4.5 

12.6 

19.5 

2.0 

40 

Transition Metals 

(CH*:CH)aHg 

-5.87 (CeHe) 

2.6 

-5.06 (CaHe) 

3.4 

-4.53 (CsH«) 

3.9 

13.1 

21.0 

3.5 

Jh,-g = 128.5; 252 

Jh*-t = 295.5; 

7Hg-c= 159.6 

Fe 3 (CO) 6 (CH: CH*) (SCHs) 


1.84 

— 

7.15 

— 

6.19 

9 

14 

< 1 

Footnote a. CHs-trip- 205 
let-T 7.85, 7.93, 8.38 

Fe 2 (CO) 6 (CH: CHa) (SEt) 


1.85 


7.17 


6.22 

9 

15 

< 1 

Footnote a. tchj = 7.69 ; 205 
TCHa = 8.70; 

= 7 

Fea(CO)«(CH; CHa) (S-i-Pr) 


1.65 


7.15 


6.22 

8 

14 

< 1 

Footnote a. tch = 7.48 ; 205 
rcH> = 8.68; 

J^CH-CHj = 7 

Fe3(CO)9(CH: CHa) (SCH: CHa) 


1.84 


7.22 


6.18 

8 

14 

1 

Footnote a. 205 

a — CH=CHa, complex 
peak centered at t = 4.30 


a Compounds of structure 




CH^ 


(CO)3Fe';— ^e(CO)3. 


Vinyl spectrum AMX, rather than ABC (see discussion). 


R 
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the fluorine atoms on opposite sides of the ring have acquired slightly 
different chemical shifts.^ 

Another unusual feature of the spectra of perfluoroalkyl metal derivatives, 
observed in most perfluoroalkyl compounds, is the absence of any coupling 
between fluorines on adjacent carbon atoms. Thus in a CF 3 CF 2 CF 2 group, 
coupling is observed between the a-CF2 and CF3 groups, but is not resolve- 
able between the a-CF2 and the j9-CF2, or the P-CF 2 and CF3, This lack of 
spin-spin coupling between adjacent fluorinated groups led in one case (237) 
to inverted assignments of the a-CF 2 and ^-CF 2 resonances. The reviewers 


13 I 



Fig. 4. Proton NMR spectrum of divinylmercury at 40 Mc/sec showing satellites 

[Moore and Happe (252), reproduced with permission]. 


have taken the liberty of correcting the original assignment for inclusion in 
Table IV. 

Vinyl Derivatives [Table F). In most vinyl metallic compounds the differ¬ 
ence in chemical shifts of the three protons is similar in magnitude to the 
spin-spin coupling between these nuclei, and thus a second-order (ABC) 
spectrum is observed (Figs. 4 and 5). Analysis of these spectra is usually 
straightforward, if lengthy, and the S and values indicated in Table V are 
readily calculated. However, in some cases two somewhat different solutions 
may appear to fit the data equally well. Such a discrepancy appears in this 
Table in the values given for (CH 2 :CH) 4 Si and for (CH 2 :CH) 4 Sn as 


3 Varian Associates recently re-examined this compound, and were able to detect a 
slight splitting characteristic of an AB pattern in the jS-fluorine resonance as well. (See No. 81 
in the “ NMR at Work'’ Series, Varian Assoc., Palo Alto, Calif, and Fig. 2 in the chapter by 
Treichel and Stone in Volume 1 of Advances in Organometallic Chemistry.) 
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reported by different investigators. The reviewers believe the best values 
for (CH 2 :CH) 4 Si to be those of Hobgood and Goldstein {171) but at present 
we are unable to comment on the values for (CH 2 :CH) 4 Sn. 


FLUORINE N.M.R. SPECTRA OF 
(a) (CF2)4Fe (CO)t and (b) (CF 2)4 CoCCOCjhJ 




(Relative to CCI3F) 

Ik Trichlorofluoromethane lolution 
+ Tetrahydrofuran lolution 

Fig. 5. Fluorine NMR spectra of heterocyclic tetradifluoromethylene metal derivatives 
(E. Pitcher, Ph.D. thesis, Harvard University, 1962, reproduced with permission). 


The influence of the nature of the metal atom is apparent in the chemical 
shifts and, to a lesser degree, in the couplings within the vinyl group. The 
effect on shifts is greatest on the proton in the position to the metal, and 
least on the proton in the cis position. This is in accord with observations of 
shifts in unsaturated organic molecules in general (Ji6). 

The most outstanding example of the effect of perturbation of the 
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Fig. 6. Proton NMR spectrum of (CH 2 :CH) 2 SFe 2 (CO )6 (P- M. Treichel, Ph.D. thesis, 
Harvard University, 1962, reproduced with permission). 


TT electrons on an NMR spectrum of a vinyl group occurs in compounds of 
type (IV). A typical spectrum is illustrated in Fig. 6 , in which R = vinyl. 



R 

(IV) 


The interaction of the tt electrons of one vinyl group with the second iron 
atom has considerably increased the separation of chemical shifts, par¬ 
ticularly of Xhtgem proton, so that the spectrum has become the simple three 
quartets of an AMX system. The second vinyl group, not 7r-bonded, retains 
the usual vinyl multiplet pattern in the normal vinyl region. A series of 
similar compounds, in which the non-7r-bonded vinyl group was replaced 
by a methyl, ethyl, or isopropyl group also exhibited the simplified AMX 
spectrum [205). The appearance of the methyl group as a triplet in 
(CH 2 :CH)(SCH 3 )Fe 2 (CO )6 is probably the result of contributions from 
several geometric isomers, and not of spin-spin coupling. 

Miscellaneous Alkenyl Derivatives {Table VI), Allyllithium and allyl- 
magnesium bromide, in tetrahydrofuran solution, appeared as AX 4 spectra. 




38 


M. L. MADDOX, S. L. STAFFORD, and H. D. KAESZ 


TABLE VI 

Miscellaneous Alkenyl Derivatives 



T 

j 



Compound 

(ppm) 

(cps) 

Remarks 

References 

Group I 





CH2:CHCH2Li (AX^) 
CH2;CHCH2Li 

— 

12 


179 

a 

7.53 

Jo? = 12.0 


128 

P 

3.36 

— 



y 

ai-MeHC:CHLi 

7.53 

J'ev = i2.0 



a 

3.70 

Doublet 17.4 


332 


2.62 

6.0 and 17.4 

Doublet of quartets 


Me 

^raw^-MeHC: CHLi 

8.12 

Doublet 6.0 



a 

3.30 

Doublet 22.2 


332 

P 

3.76 

22.2 and 4.2 

Doublet of quartets 


Me 

8.32 

Doublet 4.2 





Me 

7.87 

__ 

Linewidth = 1-1.3 cps 


CH 

4.58 

— 

Peaks shift to higher 





field at cone >15% 

236 

Group II 





CH 2 : CHCHaMgBrCAX^) 





A 

in 

12 

5 = 0.1 ppm(C0H6) 

268 

X 

5.2 

— 

5 = 2.6 ppm (CaHe) 


CH 3 CH:CHCH 2 MgBr 





a 

9.29 

— 


271 

P 

4.12 

— 


377b 

y 

5.52 

— 



Me 

8.45 

— 



Me 2 C:CHCH 2 MgBr 





a 

9.49 

— 


372 

P 

4.42 

— 



Me 

8.45 

— 



Group III 





(CH2:CMe)3Ga:NMe3 





He 

4.856 

Jbc = 4.36 


256 

Hb 

4.366 

J^b-Me = — 1.67 



Me 

8.053 

JcMe= -1.33 



nr-(MeCH: CH)3GaNMe3 





Hb 

3.561 

JaMe= -1.24 


256 

Ha 

4.177 

J'bMe = 6.18 



Me 

8.245 

•—• 
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T 

j 



Compound 

(ppm) 

(cps) 

Remarks 

References 

/ram-(MeCH: CH)3GaNMe3 





a 

4.213 

J.C = 18.22 


256 

c 

3.927 

JaMe= -1.59 



Me 

8.202 

JcMe=5.61 



fra«j-(MeCH:CH)3Ga 





a 

4.248 

^aMe= -1.59 


256 

c 

3.728 

^cMe = 5.0 



Me 

8.163 

— 




Group IV 





a5-(MeCH:CH)GeMe3 





b 

8.23 

6.6 


331 

c 

3.61 

^cci=13.2 



d 

4.35 

6.6 



^ram-(MeCH: CH)GeMe 3 





b 

8.2 

4.8 


331 

a} 

4,1 

^cci=19.2 



^ram-(MeCH: CH)SnMe3 





a 

8.20 

4.2 doublet 

See Table I for SnMe3 

331 


4.10 

Complex 

group 


c J 


pattern 



m-(MeCH: CH)SnMe 3 





a 

8.25 

6.6 and 1.0 

Doublet of quartets 

331 

b 

4.25 

14.2 

Doublet 


c 

3.60 

6.6 

Sextet 


n5-(MeCH:CH)4Sn 





a 

8.19 

6.6 doublet 


331 

b 

3.38 

^bc = 13.2 



c 

4.40 

— 



trans~(MeCH: CH) 4 Sn 





a 

8.12 

4.2 doublet 


331 

c} 

4.0 

^bc = 19.2 



((T-C5H5)2Sn 

4.2 

15.7, 16.1 

S = —4.4 ppm (C 6 H 12 ) 

82 

(CT-C5H6)2Pb 

3.8 

— 

S = -4.8 ppm (C 6 H 12 ) 

82 

Transition Metals 





[MeCD:CH 2 Fe(CO) 2 Cp]+BFr 





Me 

8.16 

— 


144 

Ha 

6.53 

— 



H4 

6.06 
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T 

j 



Compound 


(ppm) 

(cps) 

Remarks References 

a-C3H5W(CO)3Cp 






CH2 


7.68 

8.4 doublet 

Coupled to Ha 

150 

Ha. 4 


5.47 

Complex 






centers at 






5.71, 5.47, 
5.26 



Ha 

a-C3H5Mo(CO)3Cp 


«4 

— 

6 or 7 peaks 


CHa 


7.73 

Doublet 8.0 


69 

H 3 , 4 


6.5 

Complex, 






8 peaks 



Ha 


4.0 

Complex, 






6 peaks 



a-C3H5Fe(CO)2Cp 






CHa 


7.93 

Jciii-2 = 8.2 


143 

Ha. 4 


5.31 

J^23 = 9.2 



Ha 

a-C4H7Fe(CO)2Cp 


3.84 

J^24 = 17.1 



Me 


8.43 

Doublet 5 

Rel intensity 3 

143 

CHa 


7.88 

Doublet 6 

Rel intensity 2 


Olefinic 


4.57 

Complex, 






9 peaks 

Rel intensity 2 


a-C5H6Fe(CO)2Cp 


3.4 

— 

8 — 0.6 ppm (toluene) 

283 

a-CsHsCrCNOaCp 


3.3 

— 

8 = 0.5 ppm (toluene) 

283 

(a-C5H5)2Hg 


4.3 

— 

S = 1.5 ppm (toluene) 

283 

((7-C5H5)2Hg 

a-CsHsCuPEta 


4.5 

— 

S = — 0.7 ppm (HaO) 

348 

C 5 H 5 


3.8 

— 

S = 1.0 ppm (toluene) 

283 

Et 


9.4 

— 

S = 6.6 ppm (toluene) 


duso-CaHsHg 

B 

4.468 

a 

II 


255 


C 

5.193 

Jcx=1.4 




X 

8.001 

Jbx-1.4 



Hg<Y>s^ ^ ^H<c) 



^by = 256.5 
JcY= 127.8 

^xy = 88.2 



dicjf-CsHsHg 

A 

3.817 

Jab = 11.1 


255 


B 

3.068 

X 

11 



Hg(Y)v >CH3(X) 

_p'^ 

H(A)/ "-H(b) 

X 

8.067 

^bx-6.5 
^ay=134 
^BY = 244 

^xy = 12 
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T 

j 



Compound 


(ppm) 

(cps) 

Remarks 

References 

di^r<3m-C3H5Hg 

A 

3.817 

Jac = 19.2 


255 


C 

4.408 

Jax = 1.3 




X 

8.067 

Jcx = 5.0 



Hg(Y)\ /H(C) 

^C -C 

H(A)-^ \CHux) 



Jay = 125 

JcY = 140 
Jxy=5.0 




A 2.67 Jab = 0.6 66 




B 

3.60 

Jac=1.3 



C 

2.3 

0 

11 

H<b)\ 

/Hg(X) 



Jax = 40.4 


'rX 



Jbx = 74.9 

H(c,— ^ 

< 

I 

0 
^ / 



Jcx = 27.9 


in contrast to the ABCX 2 spectrum of C 3 HsMn(CO)s (Fig. 7). This result 
for the lithium and magnesium compounds is attributed to rapid equilibra¬ 
tion in solution of the methylene and the terminal vinyl protons. Similar 
time-averaging exists for the a-bonded C 5 H 5 group when attached to heavy 
metals such as tin, lead, and mercury (see Section III). 

Phenyl Derivatives {Table VII), Very few phenyl metal compounds have 



Fig. 7. Proton NMR spectrum of tj-allyl manganese pentacarbonyl [McClellan et al. 
(238) reproduced with permission]. 
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TABLE VII 

Phenyl and Perfluorophenyl Derivatives 


Compound 

T 

Remarks References 

Group 3 




<^BCl2 

— 

5B”(OMe)3 = *”35.9 

282 

<^B(OH) 2 /pyr. 

— 

5B“(OMe)3 = ”15.2 

282 

^B(OEt)2 

— 

5B"(OMe)3 = ” lO*"^ 

282 

^ 4 B“/aqueous 

— 

5B^\OMe)8 = 16.1 

282 

<^T1(CI04)2 

— 

D 2 O soln, J'Ti’"‘-ortho = 948; 

220 



= 365 ; ^Tl’^^-para =123 


<^2T1C104 

— 

D 2 O Soln, ortho ~ 451J 

220 



.7Tl*”*-meta =139 J^Tl^^^-para =51 


<^3T1 

— 

Me 3 N soln, J^Ti“®-ortho = 259; 

220 



J^Tl'^^-meta = 80± 5 ; J^Tl”^-para = 35 ± 5 


Group 4 




<^3SiH 

2.64 

Si—H: T = 5.08; CH 3 , see Table I 

366 

^3Si(CH:CH2) 

2.7 

See Table V for CH:CH 2 

171 

(CH3)<^2SiH 

2.67 

Si—H; T = 5.57 ; CH 3 , see Table I 

366 

<^2Si(CH:CH2)2 

2.7 

See Table V for CH:CH 2 

171 

(CH3)2<^SiH 

2.69 

Si— H:t = 6.15; CH 3 , see Table I 

366 

<^Si(CH:CH3)3 

2.7 

See Table V for CH:CH 2 

171 

<f>Si 


See also (55) 

0 

2.41 

Shifts originally given with respect to 

224a 

m andp 

2.60 

benzene 


<^3SiCl 




0 

2.40 


224a 

m andp 

2.64 



^2SiCl2 




0 

2.10 


224a 

m andp 

2.35 



<^SiCl3 




0 

2.20 


224a 

m and p 

2.71 



^4Sn 




0 

2.35 


224a 

m andp 

2.57 



^sSnCl 




0 

2.29 


224a 

m and p 

2.51 



^2SnCl2 




0 

2.25 


224a 

m and p 

2.42 
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Compound 


T 


Remarks 


References 


Group V 



2.7 

345 

^sAs 

2.0 

345 


2.6 

345 


Transition Metals 





frv* 

4.15 CsHs 

= 14, 30, 46, Seven bands 

208 


3.07 

Broad triplet 




2.94 

2.84 



^rfly^s-(RuClPh 

3.30 

Complex absorption CDCI 3 soln 

58 

[(Me2PCH2)2]2) 




frfl«j-(RuHPh 

— 

truh = 23.3 quintet^ = 23.5 

58 

[(Me2PCH2)2]2) 


Phenyl resonance not given 


C6F5Mn(CO)5 




^0 


104.3 


357 



161.2 


31a 



157.2 



(C6F5)2TiCp2 




Wo 


115-6 


31a 

Wm 


163-7 



Wp 

C0F5Pb(^; 

3 

158-7 



Wo 


117-1 


31a 

Wm 


159-6 



Wp 


152-6 



(C0F5)2SnMe2 




Wo 


121-8 


31a 

Wm 


159-8 



Wp 


150-8 




been studied by NMR, and in no case has analysis of the proton spectrum 
(expected to be A 2 B 2 C) been attempted. 

Perfluorovinyl Derivatives {Table VIII). Perfluorovinyl metal compounds 
have spectra which are considerably simpler than the proton spectra of 
vinyl metals. The differences in chemical shift of the three fluorines of the 
perfluorovinyl group are sufficiently great that the spectra are of the simple 
AMX type and appear as three quartets (Fig. 8). In some instances, however, 


TABLE VIII 

Perfluorovinyl Derivatives 




Compound 

Ft 

b 

<!> 

Fc 

h 


Fg 

5 <!> 


.7ct“ 

Remarks 

References 

Group III 

CF2:CFBCl2 

— 

71.6 

— 

87.9 

— 184.5 

1 

19 

114 


71 

CF2:CFBF2 

— 

72,8 

— 

99.8 

— 206.6 

18 

h 

117 

SccisP = 86.7 (BF 2 ); 
Jc-b“fj = 25 

71 

(CF2:CF)3B 

— 

72.7 

— 

91.1 

— 185.9 

<5 

h 

no 


71 

Group IV 

(CF2:CF)2Si(C2H5)2 

— 

83.5 

— 

114.3 

— 199.7 

62 

26 

117 


71 

CF2:CFSi(C2H5)3 

24.3 (<^CF3) 

87.9 

53.7 (<^CF3) 

117.3 

135.1 (<^CF3) 198.7 

70 

26 

115 


334 

CF2:CFSi(OC2H5)3 

23.5 ( 9 SCF 3 ) 

87.1 

50.3 ( 9 SCF 3 ) 

113.9 

139.8 (<^CF3) 203.4 

59 

25 

117 


334 

(CF2:CF)4Ge 

— 

80.1 

— 

112.7 

— 196.5 

71 

32 

118 


71 

(CF2:CF)2Ge(CH3)2 

— 

86.6 

— 

118.6 

— 195.5 

72 

32 

118 


71 

CF2:CFGe(C2H5)3 

26.4 (<^CF3) 

90.0 

58.3 (<^CF3) 

121.9 

130.8 (<^CF3) 194.4 

79 

32 

115 


334 

(CF2:CF)2Sn(CH3)2 

— 

85.9 

— 

121.2 

— 194.6 

75 

34 

116 

Jsn-T = 29;Jsn-c = 25; 7/ 

Jsn-G"’ = 199; Jsn"’-G= 208' 

(CF2:CF)2Sn(C6H5)2 

— 

84.3 

— 

118.6 

— 193.2 

68 

34 

118 


71 

CF2:CFSn(C4H9)2 

— 

88.1 

— 

123.3 

— 192,7 

79 

34 

115 


71 

CF2:CFSn(C2H5)3 

25.6 (<^CF3) 

89.2 

60.6 (<^CF3) 

124.2 

130.1 (<^CF3) 193.7 

81 

34 

114 


334 

Group V 

(CF2:CF)3As 

— 

84.8 

— 

112.7 

— 177.0 

— 

— 

— 


71 

Transition Metals 

(CF2:CF)2Hg 


89.9 


124.5 

— 185.0 

75 

37 

109 

= 223; 

^Hg-'^'G = 820 

71 


® Relative signs probablyJ^CT^; Jgt^; (62). 

* Not determined due to broadness of Fg and Ft peaks. 

^ Sn^^’ and Sn^^® doublets not resolved in Jsn-T or J^sn-c- 
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perturbations of the absorptions were observed. It has been suggested {71) 
that these may arise from spin-spin interaction between perfluorovinylgroups 
on the same metal atom. This would imply that the groups may not be treated 
separately as giving simple AMX-type spectra. However, the necessary 
calculations to verify or disprove this suggestion have not yet been made. 

Miscellaneous Fluoroalkenyl Derivatives {Table IX). Seyferth and Wada 
{333) studied a number of di(substituent)difluoroethylene compounds pre¬ 
pared by reaction of (C 2 H 5 ) 3 SiCF:CF 2 with a variety of nucleophilic 
reagents. Although the authors did not attempt to assign the two F^^ 




(CF2= CF)2Si(C2H5)2 



J_L 


(CF2=CF)2Hg 



J_L 



(relative to CCIjF) 


Fig. 8. Fluorine NMR spectra of some perfluorovinyl metal compounds [Coyle et al. 
{71) reproduced with permission]. 


resonances observed to a particular fluorine, the reviewers have taken the 
liberty of doing so by comparison with the shifts observed in perfluoro- 
vinylsilicon compounds. 

The perfluoropropenylmanganese and -iron compounds were prepared 
from the appropriate sodium salt and CF2:CFCF2C1. On the basis of the 
NMR spectra Pitcher and Stone {286) were able to show that the products 
obtained were not the anticipated perfluoroallyl derivatives, but that a 
rearrangement to the perfluoropropenyl group had occurred (Fig. 9). The 
assignment of the trans structure rests on a comparison of the spin-spin 









TABLE IX 

Miscellaneous Fluoroalkenyl Derivatives 


Compound® 

ipa-CY 

^3-CF 

^CF3 

Coupling constants 

Remarks References 

Group IV 

EtaSiCF: CF^ 

164.9 

153.5 

— 

J'a-/5=124 

b 

333 

Et3SiCF:CFC4H9 

174.0 

146.8 

— 

126 Ja-cs. = 23; = 5.8 

b 

333 

EtaSiCF: CFCH^CH: CH 2 

169.5 

142.8 

— 

Ja-p=n6Ja-cn, = 23; = 6.0 

h 

333 

EtaSiCF: CFSi^a 

160.3 

153.9 

— 

Ja-@=132 

b 

333 

EtaSiCF: CFGe^a 

158.5 

154.4 


Ja-P=144 

b 

333 

EtaSiCFrCFSCaH? 

149.4 

129.5 

— 

^^4-3=147 

b 

333 

cir-EtaSiCF: CFS^ 

120.2 

96.2 

— 

0 

1) 

?■ 

b 

333 

EtsSiCFiCFSi^ 

144.3 

127.3 

— 

Ja-3=148 

b 

333 

EtsSiCFiCFOEt 

194.1 

118.2 

— 

Ja-@=122 

b 

333 

EtsSiCF :CFOCH 2 SiMe 3 

193.2 

119.3 

— 

Ja-fl=122 

b 

333 

Transition Metals 

CF 3 CF:CFMn(CO )5 

93.4 

169.0 

65.4 

^^3-3= 135 

Originally reported rel. to 

237 

CF 3 CF:CFMn(CO )5 

95 

165 

67 

Ja-3 = 127; J^j 8 -cp, = 12; Ja-CF, = 23 

CF 3 COOH 

286 

CF 3 CH: C(CF 3 )Mn(CO )5 

— 

— 

r a-57.0 \ 

Ja-H = 9.6;Jp-H = 2.3;J'„-p = 2.3 

T = 3.02 

359 

CF 3 CF:CFFe(CO) 2 Cp 

86 

166 

\;8-58.8; 

66 

Ja-3 = 131 ; J'3-CF. = 13 : J'.-cp. = 22 


286 

CpMn(CO) 2 (CCF 3)2 

— 

— 

54.3 -9.3 


TCP = 5.2 ^CFa (std) 

32 

(,^3P)2Pt(CCF3)2 

— 

— 

54.6 -9.0 

Jpt“*-F = 65.1 ;Jp»Lp= 10.3 

^CFa (std) 

32 

(l^ 3 As) 2 Pt(CCF 3)2 

— 


54.6 -9.0 

J'pt"‘-p = 80 

<^CF 3 (std) 

32 


“ AU compounds trans except as noted. 

^ a and )3 assignments made by reviewers, and refer to position relative to the EtaSi group. 
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coupling constants with those of perfluoropropenyl compounds of known 
cis and trans configuration. Coupling constants, combined with the down- 
field shift expected for a fluorine on the a carbon to a transition metal (see 
above), also permitted distinction between the =CF— resonances. 


FLUORINE N.M.R. SPECTRA 


ilii 


c=c 

TC fQ 

Fa F, Fc 

. A MlijlAl/lilllwlA ... U aIaIuLL 

_ 1 _ 


I i 1 

96 

C 

1 

_ 7 

P 3 

1 

_ 1 

95 106 is5 

Fe"^ ^Mn(C0)5 

Fb Fe 

[L _... 11_ ^ _aH ..ilt . 

, 1 

67 

-1 _ - _ \ _ 

as left 


CHEMICAL SHIFT (ppm) 
( Rplafivp to CCI3F) 


Fig. 9. Fluorine NMR spectra of perfluorallyl chloride and of perfluoropropenyl- 
manganese pentacarbonyl (E. Pitcher, Ph.D. thesis, Harvard University, 1962, reproduced 
with permission). 


3. 7T-Bonded Olefin Complexes of Transition Metals 

In general, it is observed that protons attached to an olefinic system which 
is coordinated to the metal in an olefin complex are shifted from a few tenths 
to about 3^ ppiTi to higher field from their positions in the free olefin. A 
qualitative estimation of the source of this shift has been given (see 27), and 
attributed to the difference in shielding due to the tt contribution in the 
metal-olefin bonds, contrasted with the deshielding due to the uncoordinated 
77 electrons in the free olefin. In view of the many unknown factors, this 
procedure was admitted to be a vast oversimplification. 
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In olefin complexes bearing a positive charge, the shift to high field is 
attenuated, and it is often possible to observe a small net downfield shift 
from the position of the corresponding protons in the free olefin. These 
effects become rapidly attenuated as distance of proton to metal increases. 
Finally, the spectrum of an olefin will also show changes in proton-proton 
coupling constants when it has become complexed to a metal. 

Any of these effects may be illustrated through a discussion of some 
specific examples. The olefin complexes, below, are grouped according to 
the number of carbon atoms of ligand participating in bonding to the metal, 
in the order tt- (C2)M, 77- (C3)M, 7r-(C4)M, etc., so that complexes con¬ 
taining the most nearly comparable types of geometries and bonding 
situations may be grouped together. For convenience, olefins containing 
more than one unsaturated center coordinated with a metal but not formally 
conjugated to one another are regarded as chelating ligands and are grouped 
as multiples of the simple bonding unit they possess. This does not indicate, 
however, that the situation regarding magnetic resonance in such complexes 
is wholly comparable with the rest of the group [see, for instance, the dis¬ 
cussion under chelating 77- (C2)„M, below]. 

Within each of the Tables, some attempt has been made to list the com¬ 
pounds in order of increasing number of carbon atoms in the ligand. In 
those tables dealing with the same ligand (77-C3H5 or 77-C5H5) the order is by 
sub-groups of the periodic classification. A formula index is given in the 
Appendix so that a compound known only through its empirical formula 
(and in which the manner of bonding to the metal is not known) may readily 
be located in its appropriate table. 

Olefin Complexes Containing the tt-{C'^M System. The protons in 
C 2 H 4 PtCl 3 “, appear at t ~ 5.3, which is higher than the resonances in the 
free olefin, t ~ 4.0 [291). From other shifts to higher field upon coordination 
to a metal, as well as the additional expected effect of the negative charge on 
the complex, the observed shift seems to be small. This is attributed, at least 
in part, to factors arising from the geometry of the attachment of ethylene 
to the metal, i.e., the metal-olefin axis is perpendicular to the plane of the 
ethylene molecule, and the dipole arising from this bond would point along 
the same direction as in ethylene itself [cf. Bennett, Pratt, and Wilkinson 
(27)]. If the electrical center of the bond is not displaced too far toward the 
metal atom, the shielding would still be negative and could be almost as 
great as in ethylene itself. On the other hand, it is not entirely unlikely that 
the chlorine atoms cancel, to some extent, the shift to high field which is 
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normally observed in other ethylene complexes. Spin-spin splitting due to 
(/= relative abundance 34%) was observed in these complexes: 
Jvt-H ~ 34 cps. In some olefin complexes containing a metal atom of isotopes 
with I proton-metal spin-spin coupling is not always observed. For 
instance, for the m-but-2-ene complex C 4 H 8 PtCl 3 “ no satellites were 
observed, but the resonance at r 4.5 was reported to be very broad {291). 
It may be that in this complex rapid chemical exchange of the olefin is 
occurring. The methyl resonances of the coordinated (and possibly rapidly 
exchanging) butene were observed at r 8.3, as a broad and poorly resolved 
doublet; free m-butene in D 2 O showed this doublet at r 8.55. 

In solutions of some cationic olefin complexes of silver the resonances of 
the protons on carbon atoms directly attached to the metal were observed 
at T 3.9, about 0.7 ppm lower than the region for resonance of these 
protons in the free olefin {291, 328). Beta protons (on carbon atoms adjacent 
to a TT-bonded carbon) were observed at positions only about 0.1 to 0.2 ppm 
below the resonances of the corresponding protons in the free olefin. No 
spin-spin coupling satellites for any silver-olefin complexes were reported 
(one might expect to observe interaction of the protons with Ag^®^ and 
Ag^®^, both with / = and relative abundances 51.4% and 48.6%, respec¬ 
tively). It must then be assumed that such interactions are either too small 
to observe, or that rapid intermolecular exchange of olefin has obliterated 
them (see the section on chemical exchange, below). In some recent work 
{193), the resonances of the eight protons of coordinated ethylene in 
(C5H5)Rh(C2H4)2 were reported to occur as two broad absorptions at 
T = 7.25 and r = 9.00, showing a more normal shift to higher field. The 
doubling was not assigned positively as due to the effects of metal-proton 
spin-spin coupling (Rh^®^, / = |, relative abundance 100%) since alter¬ 
native explanations for this behavior were considered possible. In any case, 
the ring protons gave a sharp singlet (see below). 

In recent years, a variety of complexes containing ethylene in both neutral 
and cationic species have been reported by E. O. Fischer and co-workers. 
Many of these are decomposed by water or present other obstacles to 
obtaining satisfactory NMR spectra. However, data for at least one of these, 
(C 2 H 4 ) 2 Re(CO) 4 '^, are available. This cation was reported {122) to show a 
single line at r = 6.6, in D 2 O solution. In view of the effect of the positive 
charge discussed above, this represents a fairly large shift to higher field for 
coordinated ethylene, more characteristic of the shifts observed for olefin 
complexes in general. The data for the other ethylene complexes are 



TABLE X 


Summary of Magnetic Resonance Data for Complexes Containing the 7r-(C2)M Grouping, and for Some of the 

Free Olefins 


Rela¬ 

tive 



8 

T Inten- 

Multi¬ 




Compound 

(ppm) [ 8 (ch 3 ) 4 S 1 = 10 ] sity 

plicity 

(cps) 

Remarks References 

{C2H4)2Re{CO)4+ 

{C2H4)2RhC5H5 

— 

6.6 — 

1 

— 

D 2 O soln 

122 

C 2 H 4 


7.25 — 

b 

— 

No coupling due to Rh^®^ 

193 

— 

9.00 — 

b 

— 

(/ = i 100% rel. abundance) 


C 5 H 5 

— 

4.92 — 

— 

— 

reported 


C2H4PtCl3-, K+ 

+ 0.05 

-5.3 — 

b 

— 

Sh,o = 0, D 2 O soln Pti95_H 
satellites J'pt H = 34 cps 

291 

[C2H4PtCl2]2 

— 

— — 

— 

— 

Broad line resonance 

291 

Substituted Ethylenes 







C 4 H 8 , CH3CH==CHCH3 ids) 







^CH 

-0.72 

-4.5 — 

— 

— 

ShjO = 0, CCI 4 soln; 40 Mc/sec 

328 

—CHs 

+ 3.08 

-8.3 — 

— 

— 




(or +3.35) 

(-8,6) 



(^HaO = 0, D 2 O soln) 

291 

m-C4H8 Ag+, NO 3 " 







^CH 

-1.37 

-3.8 — 

— 

— 

ShsO = 0, D 2 O soln 

328 

-CH 3 

m-C4H8PtCl3“, K+ 

+ 2.93 

-8.1 — 

— 

— 

40 Mc/sec 


^CH 

-0.7 

-4.5 — 

b 

— 

^HaO = 0, D 2 O soln 

291 

-CH 3 

+ 3.1 

-8.3 — 

2 

Poorly 




resolved 
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6.35 


4 

2x2 


ShjO = 0, D 2 O soln 


291 


— 

— 60 Mc/sec, DCCla 

317 


40 Mc/sec, (CD3)2C0 

369 

— 

— Jt=+3.06“ 

317 


(Jr - +2.98)“ 

369 

— 

— ^ (CD3)2C0, 40 Mc/sec 

369 

_ 

— Jt=+2.42“ 

369 

— 

— Jt = + 0.07“ 


— 

— 40 Mc/sec, (CD3)2C0 

369 


’ Jt= +2,77“ 



— 40 Mc/sec, (CD3)2C0 

369 


+3.36“ 



— (CD3)2C0, 40 Mc/sec 

369 


'Jr = 2.72“ 


— 

— 
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X —continued S 

Rela¬ 

tive 

Inten- Multi- J 

10] sity plicity (cps) Remarks References 

__ 2 


— 

— 

— 

60 Mc/sec, CDCI 3 

317 

— 

— 

— 

(40 Mc/sec, (CD3)2C0) 

369 

— 

— 

— 

Jt = 3.02« 

317 




(Jt = 2.74)« 

369 

— 

— 

— 

Jt = 0.08« 

60 Mc/sec, CCI 4 , (40 Mc/sec, 





CDCI 3 ) 


— 

— 

— 

60 Mc/sec, CDCI 3 

317 

— 

— 

— 

(40 Mc/sec, (CD3)2C0) 

369 




Jt-3.2« 

317 

— 

— 

— 

(Jt = 3.16)« 

Jt = 0.16« 

369 

— 

— 

— 

(Jt = 0.04)« 

60 Mc/sec, CDCI 3 

317 




(40 Mc/sec, (CD3)2C0) 

369 
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.60Mc/sec, CDCU 317 

Ar= +2.89“ 


(1) c 

(1) c 

(1) 2 7 

(1) c 

(2) c 

(5) 1 

( 2 ) 1 

(4) c 

(2) c 

(5) 1 


148, 

152 


148, 

152 


ShjO = 0, CCI4 soln 328 


tn 

w 
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Rela¬ 

tive 




5 

T 

Inten- 

Multi¬ 

j 




Compound 

(ppm) [S(ch,) 4 Si = 

10] sity 

plicity 

(cps) 

Remarks 

References 

C6HioAg+ 








^CH 


-1.60 

~3.6 

— 

— 

— 

ShjO = 0, D 2 O soln 

288 

aCH2 


+ 2.60 

00 

00 

1 

— 

— 

— 


cf. also 

i?CH2 


+ 3.00 

~8.2 

— 

— 

— 


328 

Norbomadiene Mn(CO) 2 Cp 










_ 

4.00 

2 

3 

1.75 


131a 


\/D C 

— 

6.79 

2 

1 

— 




/T ^ 

— 

7.37 

9.18 

2 

1 

M 

2x3 

1.65 



pJ^ 

" Mn 

C 


9.91 

1 

2x3 

1.35 




Chelating Diolefins 








C 7 H 8 , norbomadiene 








>- 

-H 

— 

3.38 

(4) 

3 

1.9 

40 Mc/sec 

148 

^CH 


— 

6.50 

(2) 

7 

-1.8 

0 

1+ 

0 

cf. also 

/CH 2 

— 

8.05 

(2) 

3 

1.7 


149 


and 

254 
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C7H8Fe(CO)3 


>-h1 

— 

6.88 

(6) 

c 

— 

>C-h| 







— 

8.75 

(2) 

3 

1.4 

[C7H8RhCl]2 






>c-h] 







-- 

6.12 

(6) 

— 

— 

>C-Hj 







— 

8.80 

(2) 

— 

— 

C7H8Cr(CO)4 






^C—H 

— 

5.58 

— 

3 

4.8 

^CH 

— 

6.27 

— 

b 

— 

^CHa 

— 

8.70 

— 

3 

1.4 

C7H8Mo(CO)4 






^CH 

— 

5.03 

— 

3 

2 


— 

6.18 

— 

— 

— 

^CHa 

— 

8.65 

— 

3 

2 

C7H8Mo(CO)4 






^C—H 

— 

5.15 

— 

3 

4.4 

^CH 

— 

6.22 

— 

b 

— 

^Ha 

— 

8.67 

— 

3 

1.3 

C7H8Ni(Me4C602) 






Me 

— 

7.73 

6 

— 


^CHa 

— 

8.40 

1 

— 

— 


— 

6.17 

1 

— 

— 

CH:CH 

— 

5.60 

2 

— 

— 


Ni 


40 Mc/sec 


747, 

148 


148 


27 


207 


27 


CCI 4 soln 


327 
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Rela- 

tive 

8 T Inten- Multi- J 


Compound ( 

ppm) [ 8 (ch,) 4 Si= 10 ] 

sity 

plicity 

(cps) 

Remarks 

References 

CsHs, cyclooctatetraene 

— 

4.3 

— 

— 

— 

Liquid 

130 



(or, 5.48) 





29 

CsHsAg+NOa 

— 

4.3 


1 

— 

CeHsC^N soln 

130 



(or, 3.5) 




(CH 3 ) 2 S 0 soln 


CsHsPdCh 

— 

4.3 

— 

1 

— 

(CH3)2HCH0 soln 

130 



(or, 4.5) 




(CeHsC^N soln) 


CsHsPtL 

— 

7.1 


— 

— 

(CH 3 ) 2 S 0 soln 

130 

CgHsCoCsHs 








^ XX 1 

_ 

4.5 

(4) 

— 

— 

CDCI 3 

130 

CsHs 

L- 

6.8 

(4) 

— 

— 



C 5 H 5 

— 

5.8 

(5) 

— 




CsHsCoCsHs 








^ XX J 

_ 

4.43 

_ 

_ 

_ 

40 Mc/sec 

204 

CsHs “1 

L- 

6.35 

— 

— 

— 


(cf. also 

C 5 H 5 

— 

5.33 

(5) 

— 

— 


262) 

CsHsCoCsHs 








1 

r- 

4.56 

(4) 

b 

— 

56.45 Mc/sec, 22° ±2°, 

84 

CsHa "1 

L- 

6.50 

(4) 

b 

— 

CCI 4 soln 


C 5 H 5 

— 

5.3 

(5) 

1 

— 



C8H8(CoC5H5)2 








^CH 

_ 

6.3 

(4) 

— 

— 

Benzene 

130 

C 5 H 5 

— 

6.1 

(5) 

— 

— 



[C8H8RhCl]2 

— 

4.3 

— 

— 

— 

56.4 Mc/sec, CS 2 

130 



5.8 

— 

— 

— 


(cf. also 
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CsHsRhCsHs 

CaHs 

C 5 H 5 

CsHeCoCp 

H3,4,7,8 

Hi, 2 , 5,6 
CaHeRhCp 

H3,4,7, 8 
Hi, 2, 5. 6 

C8H8[RhCp]2 

C8H8Ni[Me4C602] 

Me 

Bound olefinic 
Free olefinic 
C8H8NiCioHi202 



C8HioNi[Me4C602] 

Me 

CH 2 

Bound olefin 
Free olefin 



4.47 

(4) 

b 

—- 

^Rh-H = 1.4 cpsc 

84 

i- 

5.94 

(4) 

b 

— 

= 2.4 cps 


— 

4.85 

(5) 

2 

— 

J^Rh-CjHs = 0.71 cps CCI 4 soln, 







22° ± 2° C 56.45 Mc/sec 


— 

4.56 

1 

— 

Broad 

CCI 4 soln 

87 

— 

6.50 

1 

— 

Broad 



— 

4.47 

— 

— 

Broad 

CCI 4 soln 

87 

— 

5.94 

— 

— 

— 

= 2 cps 


— 

5.29 

1 

— 

— 

= 0.75 cps 

33a 

— 

5.27 

1 

— 

— 



_ 

7.88 

3 

— 

— 


327 

— 

6.13 

1 

— 

— 



— 

3.98 

1 

— 

— 





4.03 

(1) 

— 

— 

326 

i- 

6.18 

(1) 

— 

— 


— 

7.92 

(3) 

— 

— 



— 

8.07, 7.97 

6 

— 

— 

327 

— 

7.58 

2 

— 

— 


— 

6.34 

2 


— 


— 

4.20 

1 

— 

— 
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Rela¬ 

tive 


Compound 

S T 

(ppm) [S<cH,)^si = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

CsHioFeCsHiz, 1,5-cyclooctadiene 








A 

— 

5.25 

2 

— 

— 

A, B, and C are bound 1,3,5 

120 

B 

— 

5.85 

2 

— 

— 

olefin; D and C are bound 


C 

— 

6.67 

2 

— 

— 

1,5 olefin 


D 

— 

7.58 

4 

— 

— 



E 

— 

8.57 

8 

— , 

— 



F 

— 

«9.12 

2 

— 

— 



G 

— 

10.06 

4 

— 

— 



CgHioRuCgHiz 








A 

— 

5.12 

2 

— 

— 


120 

B 

— 

5.65 

2 

— 

— 



C 

— 

6.58 

2 

— 

— 



D 

— 

7.44 

4 

— 

—. 



E 

— 

8.14 

8 

— 

— 



F 

— 

8.61 

2 

— 

— 



G 

— 

9.45 

4 

— 

— 



CgHioCoCp 








Bound olefin 

— 

6.46 

1 

— 

— 


247 

Free olefin 

— 

4.62 

2 

— 

— 



CHz 

— 

7.2, 8.5 

2 

— 

—. 



1^5-Cyclooctadienes 








CgHiZjCycloocta-l,5-diene 








^CH 

— 

4.5 

(4) 

— 

— 

40 Mc/sec 

148 


— 

7.75 

(8) 

4 

— 


(cf. also 


28) 
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5.75 


[C8Hl2RhCl]2 

^CH 

^CH2 

CBH12C0C5H5 

(>H)4 

(^CH2)4 

C 5 H 5 

C8Hi2Mo(CO)4 


7.83 



6.63 

7.68 

8.38 

5,55 


5.41 


^H2 

CBHi2Ni[Me4C602] 

Hi,b 

Me 

CH 2 

Bound olefin 
C8Hi2Ni[Me3C6H02l 

Me 

CH 2 

Bound olefin 
CH(quinone) 



O 


Me 

CH 2 

Bound olefin 
CH(quinone) 


7.57 


O.TJ 

7.85 

7.65 

6.32 



7.89 

7.84 

7.58 

6,26 

4.10 


7.90 

7.52 

6.25 

3.80 



(^4) _ _ 148 

(^8) 4 - 

(4) — — 60 Mc/sec, CS 2 soln 86 

(4) - - 

(4) - - 

(5) ~ - 

— — — CCI 4 soln 28 


3 M — 

3 — — DCClssoln 327 

2 — — 

1 — — 

3 — — CHCI3 soln 327 

6 — — 

8 — — 

4 — — 

1 — — 


6 — — CHCI 3 soln 327 

8 — — 

4 — — 

2 — — 


5o 
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TABLE X —continued 


o* 

o 


Rela¬ 

tive 

S T Inten- Multi- J 

Compound (ppni) [S(ch,) 4 S 1 = 10] sity plicity (cps) Remarks References 


C8H80Ni[Me4C602] 

Me 


CHz 

Bound oleBn 
Free oleBn 



Me 

CHa 

Bound olefin 
CH(quinone) 


8.09 — 

8.04 — 

8.00 12 

7.87 — 

7.75 — 

7.04 1 

6.72 1 

6.23 2 

5.82 2 

4.06 2 


7.91 6 

7.57 8 

6.29 4 

3.76 2 


327 


327 
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Me 

CH2 

CH 

Bound olefin 


[Duroquinone] 2 Ni 

Bis(trifluoromethyl)tetramethylbicyclo- 
[ 2 , 2 , 2 ] octatriene, C 14 H 14 F 6 
Ci4Hi4F6Fe(CO)3 



(type H—H) 


7.95 

8.03, 7.85 

7.79 

6.59 

6.29 

5.92 

5.74 

8.40 


^C—H 
CH 3 


5.90 

8.37 


12 

4 

4 

1 

1 

1 

1 


CDCI3 soln 


CH2CI2 soln 


r CF 3 = -335 cps 

t(CFa2)2(mt) = 0 


327 

190 


(1) — — g JcF3 =-335 cps 190 

(6) — — ^ I (CFCl 2 ) 2 (int) = 0 

ca. 85% of reaction product 
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TABLE X —continued 


Compound 

S T 

(ppm) [S(ch 5 ) 4 SI = 

Rela¬ 
tive 
Inten- 
10 ] sity 

Multi¬ 

plicity 

y 

(cps) 

Remarks References 

Ci4Hi4F6Fe(CO)3 







CH 3 








1\ 

yCHi 









(type H~F) 














V 








CHj M 







^CH 


— 

6.25 

( 1 ) 

— 

— 

„ rCF 3 = -540 cps 190 

CH 3 


— 

8.25 

(3) 

— 

— 

^ |(CFCl 2 ) 2 (int) = 0 

CH 3 


— 

8.32 

(3) 

— 

— 

ca. 15% of reaction product 

Ci4Hi4Fe*CoC5H5 







(type (H— 

-F) 







^CH 


— 

6.32 

( 2 ) 

— 

— 

,JcF 3 = -595 cps 190 

CH 3 


— 

8,42 

(6) 

— 

— 

^ |(CFCl 2 ) 2 (int) = 0 

CHs 


— 

8,45 

(6) 


— 

No isomer of type (H—H) 

C 5 H 5 


— 

5.37 

(5) 

— 

— 

was observed 


^ At = resonance in complex — resonance in free ligand. 

* When freshly prepared shows two resonances (equal intensity) t = 2.74, 5.83, which in time become one resonance at t=2.9, see (19), 
® Rh^®3 coupling observed only under proton-proton double irradiation. 
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awaited with interest; it will then be possible to reach some conclusion about 
the comparatively small shift to high field of the protons in the ethylene 
complexes of platinum and silver. These and other magnetic resonance 
data for related compounds are presented in the first part of Table X. 

In the latter part of Table X, magnetic resonance data are listed for 
some chelating diolefins containing the 7r-(C2)M bonding unit. These in¬ 
clude the complexes of bicycloheptadiene (CyHg) (V), cycloocta-1,5-diene 
(C 8 H 12 ) (VI), and a selected number of cyclooctatetraene complexes in 



which the diene system functions as a chelating diolefin (VII). [This olefin 
is also known to bond to transition metals, particularly to iron, as a7r-(C4)M 


M 


(Vll) 

system, see below.] An important difference between complexes containing 
chelating olefins as opposed to those containing two or more unconnected 
7 r-(C 2 )M systems is that in the former, because of the geometry of the carbon 
framework in the ligand, the metal-olefin bond axis may not be perpen¬ 
dicular to the plane of the olefin group, as it can be in the latter. This may 
lead to different shieldings of protons in these complexes. 

The complexes of 5,6-dimethylenebicyclo[2.2.1]heptene-2, a chelating 
triolefin, contain both 7r-(C2)M and 7r-(C4)M systems, and are separately 
listed in Table XI. 
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TABLE XI 

Proton Resonances in 5,6-Dimethylenebicyclo[2.2.1]heptene-2, and its tt Complexes 
WITH THE Carbonyls of Cr, Mo, and W® 


CoHio 

^CH 

(2)0 

=CH2 

(4)0 

^CH 

(2)0 

(2)0 

T 

7 [uy y 

(cps) 

r [M] J 
(cps) 

T 

Free olefin 

4,08 

5.03 [2] — 

6.76 — — 

8.33 

C*HioCr(CO)a 

6,87 

6.77 [2] 13 

7.92 [4?] 11 

8.87 

CeHioMo(CO)s 

6.57 

6.65 [2] 18 

8.03 [4] — 

8.38 

C»H,oW(CO)s 

5.77 

5.89 [2] 15 

7.70 [4?] -- 

8.32 


® Taken from King and Stone (207). 
^ Relative intensity. 

^ [M], multiplicity. 


If one of the protons of ethylene is replaced by a different chemical group, 
the remaining protons become magnetically nonequivalent, forming an 
ABC or ABX system of nuclei. This same feature is preserved in the metal 
complexes of such olefins, and the resonance data for a number of these, and 
for the free ligands (if available) are presented in Table XIL The series of 
complexes (C 2 H 3 )Fe 2 (CO) 6 SR {205)y are unusual in that they contain both a 
TT-bonded and a a-bonded vinyl metallic group. These have been discussed 
in the section on vinyl metal derivatives above, and listed in Table XII as 
well. The values of the gem^ cisy and trans proton-proton coupling constants 
in the metal complexes of the vinyl group are not significantly different from 
those observed in free vinyl derivatives, and it is therefore a reasonably 
simple matter to analyze the spectra and obtain a satisfactory assignment for 
the proton resonances. Except for the unusual low-field chemical shift of 
the proton in the vinyl complexes of iron carbonyl mentioned above, the 
protons of complexed vinyl groups are not markedly different in their 
relative positions from that in the free ligand; the entire pattern is shifted, 
on the average, by about 3 ppm to higher field in the complexes. 



TABLE XII 

Summary of Magnetic Resonance Data for Unsymmetrically Substituted Ethylene Complexes containing an AX or an ABX 

7r-(C2)M System, and for Some of the Free Ligands 


Jh-u (cps) 


Compound H( 2 > H< 3 > H(i) Other 1-2 1-3 2-3 Other Remarks References 


C=C 

nC ^cooH 


Free ligand 

2.25 

3.46 

— 

— — — 

17.0 

— 

369 

Fe(CO )4 complex 

4.87 

5.68 

— 

— — — 

n.o 

— 


Jt 

2.62 

2.22 

— 

-— — — 




X 

\ 

/ 








c=c 








'^CHO 




CHO 




Free ligand 

2M 

3.23 

— 

0.25 — — 

15.8 

7.9 

369 

Fe{CO )4 complex 

4.83 

5.25 


0.78 — — 

12.5 

4.0 


At 

2.46 

2.02 

— 

0.53 — — 

— 

— 
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TABLE XII —continued 


Oo 


T 


(cps) 


Compound 


H( 2 ) H( 3 ) H( 1 ) Other 1-2 1-3 2-3 Other 


Remarks References 

_ 2 


\ / 

C = C 

X = COOH 


Free ligand 

-4.05 

-3.50 

-3.80 

— 

0.8 

9.7 

15.4 — 

cf. Castellano and 

369 

Fe(CO)4 complex 

7.20 

7.11 

6.58 

— 

1.3 

8.1 

10.6 — 

Waugh {50) 


At 

3.15 

3.61 

2.78 

— 

— 

— 

— — 



X = COOCH 3 

Free ligand 

-4.18 

-3.90 

-3.60 


1.6 

10.2 

16,4 — 

cf. Castellano and 

369 

Fe(CO )4 complex 

7.22 

7.09 

6.57 

— 

1.1 

8.0 

10.8 — 

Waugh {50) 


At 

3.04 

3.19 

2.97 

— 

— 

— 

— — 



X = CONH 2 

Free ligand 

-4.36 

-3.80 

-3.58 







Fe(CO )4 complex 

7.30 

7.06 

6.36 

— 

1.9 

7.6 

11.4 — 


369 

At 

2.94 

3.26 

2.78 

— 

— 

— 

— — 



X = CHO 










Free ligand 


L4or^ 


0.42 

— 

— 

— — 



Fe(CO )4 complex 

6.97 

7.01 

6.05 

0.55 

2.5 

8(?) 

12.5 — 


369 

At 




0.13 

— 

— 

— — 
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7.15 1.84 

7.17 1.85 

7.22 1.84 

7.15 1.65 

— 1.10 

6.05 5,00 

6.05 5.00 

6.05 5.10 



R 

6.19 

7.85 


7.93 


8.38 

6.22 

7.68 


8.70 

6.18 

4.30 

6.22 

7.48 


8.68 


C 6 H 4 

4.60 

3.05 


R and 
C 5 H 5 

6.53 8.14 

and 
4.65 

6.55 8.13 

and 
4.38 

6.57 7.95 

and 
4.36 
7.70 
and 
4.41 


R = C 2 H 4 D 


6.08 


5.14 


6.59 


9 

14 

— Two geometrical 

isomers detected 

205 

9 

15 

.7cHjCHj = 7 

205 

9 

15 


205 

8 

14 

^ch(ch3)j = 7 

205 

9 

_ 

CS 2 soln, 60 Mc/sec 

205 


8 

17 

.7ch3-H(3) = 6 

143 

8 

16 


143 

8 

15 

— 

143 

8 

15 


143 
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TABLE 


Compound 

T 

[8(ch,),si == 

Relative 
10] Intensity 

[CsHsDMoCCOsCplPFe. 

H,„ H,« 

7.97 

2 

”\ / ' tl3.4 

6.44 

2 

C=c H3 

DH2C 'H,«, Cp 

4.72 

1 

4.05 

5 

[C3H6Mo(CO)3Cp]PF6 

CH3 

7.99 

3 

Ha. 4 

6.44 

2 

H2 

4.98 

1 

Cp 

4.05 

5 

[C3H*W(CO)3Cp]PF6 

Me 

7.78 

3 

Ha, 4 

6.71 

2 

Hz 

5.64 

1 

Cp 

4.01 

5 

[C3H5DFe(CO)2Cp]BF4 

Me 

8.16 

3 

H3 

6.53 

1 

H4 

6.06 

1 

Cp 

4.40 

5 

[C8H5DFe(C0)2Cp]C104 

CH2D 

8.13 

2 

H3 

6.55 

1 

H4 

6.05 

1 

Hz 

5.00 

1 

Cp 

4.38 

5 


[—continued 


Multi- J 

plicity (cps) Remarks References 


6 J2z = 8.0 

^ <v 4 iT rfc 

O J2A — iU,U 

6 — 

1 — 


2 

3 

7 

1 

2 

7 

11 

1 

1 

1 

1 

1 


« 6.8 
« 8.0 
J24W 16.0 


= 6.3 


8 

2 

2 

11 

1 


= 8 

J24=16 


SO2 soln 


SO 2 soln 


SO2 soln 


SO2 soln 


Z 

69 * 


69 


150 


144 


143 
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[C4H7DFe(CO)2 Cp]C104, 


H( 2 ), ,H<3> 

\ / C 2 H 4 D 

7.70 

4 

_ 

_ 

Complex band, 

143 

c=c 
/ \ 





spread 60 cps 


CHjCHD H( 4 ) 







Ha 

6.59 

1 

2 

00 

11 

« 

SO 2 soln 


H 4 

6.08 

1 

2 

^^24= 15 



Hz 

5,14 

1 

8 

— 



Cp 

4.41 

5 

1 

— 



[C4H8Fe(C0)2Cp]C104 







Et 

7,95 

5 

27 

— 

Spread 100 cps 

143 






SO 2 soln 


Ha 

6.57 

1 

2 

00 

II 

n 



H 4 

6.05 

1 

2 

^24=16 



Hz 

5.10 

1 

10 

— 



Cp 

4.36 

5 

1 

— 



[{MeCHCH 2 )Mo{CO) 3 Cp]PF 6 







H( 2 ) ^H{ 3 ) Me 

7.99 

3 

2 

^24=16.0 

H 4 trans to Hz 

69 

Ha ,4 

6.44 

2 

3 

q 

00 

II 

« 

Liq. SO 2 



4.05 

1 

7 

jMe -2 = 6.8 



{CH 2 DCHCH 2 )Mo{CO)aCp]PF 6 







CHzD 

7.97 

2 

6 

q 

00 

II 

n 

Liq. SO 2 

69 

CH 

4.72 

1 

6 

^24=16.0 



CH 2 

6.44 

2 

3 

— 



[{MeCHCH 2 )W{CO)aCp]PF 6 







Me 

7.78 

3 

2 

jMeH, = 6.3 


150 

Ha. 4 

6.71 

2 

7 

— 



Hz 

5,64 

1 

11 

— 

— 


[MeCHCH2Fe{CO)2Cp]BF4 







Me 

8.16 

3 

1 

— 

Liq. SO 2 

144 

Ha 

6.53 

1 

1 

— 



H 4 

6.06 

1 

1 

— 
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TABLE XII —continued 


Compound 

T 

[5(ch8)^si = 

Relative 
10] Intensity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

[MeCHCH 2 Fe(C 0 ) 2 Cp]C 104 







Me 

8.14 

3 

2 

JjdeHj = 6 

Liq, SO 2 

143 

H2 

5.00 

1 

7 

723 = 8 



Ha 

6.53 

1 

2 

— 



H4 

6.05 

1 

2 

724 = 17 



[DCH 2 CHCH 2 Fe(C 0 ) 2 Cp]C 104 







CH 2 D 

8.13 

2 

8 

— 

Liq. SO 2 

143 

Ha 

6.55 

1 

2 

00 

II 

« 



H 4 

6.05 

1 

2 

— 



Hz 

5.00 

1 

11 

724 = 16 



[CH 3 CH 2 CHCH 2 Fe(C 0 ) 2 Cp]C 104 







CH 3 CH 2 

7.95 

5 

27 

— 

Spread 100 cps 

143 

H 3 

6.57 

1 

2 

— 

Liq. SO 2 


H 4 

6.05 

1 

2 

723 = 8 



H 2 

5.10 

1 

10 

724 = 16 



[C3H6Fe(C0)2Cp]C104 







Me 

8.14 

3 

2 

7MeHj = 6 

SO 2 soln 

143 

Ha 

6.53 

1 

2 

723 = 8 



H 4 

6.05 

1 

2 

— 



Hz 

5.00 

1 

7 

724 = 17 



Cp 

4.68 

5 

— 

— 



[CH 3 CHDCHCH 2 Fe(C 0 ) 2 Cp]C 104 







CHDCHa 

7.70 

4 

C 

— 

Spread 100 cps 

143 

Ha 

6.59 

1 

2 

00 

II 

« 

Liq. SO 2 


H 4 

6.08 

1 

2 

— 



H 2 

5.14 

1 

8 

724= 16 
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It has recently been reported that acrylonitrile, CH 2 =CH—C=N, may 
be bonded to a metal through the lone pair on nitrogen, as in acrylonitrile- 
tungsten pentacarbonyl (2J0, 352\ see also 311). This is of interest in view 
of earlier reports of complexes in which this ligand is believed to be attached 
to the metal through the olefinic system (see Massey, 230y or Tate et al. 352y 
for references to previous work). Proton magnetic resonance spectra can be 
used to differentiate between the two types of complex: The spectrum of the 
former is remarkably similar to that obtained for free acrylonitrile, while in 
the latter type, the resonances show a much greater perturbation of the 
olefinic system arising from tt coordination to the metal. 

Derivatives Containing the System. The parent radical for this 

type of olefin complex is the 77-C3H5 group, for which three major resonances 
are observed in the intensity ratio 1:2:2, i.e. for the protons labeled H^, H^, 



(VIII) 

and He, respectively in (VIII). NMR data for a number of complexes con¬ 
taining the 77-C3H5 group are given in Table XI11. The proton is gener¬ 
ally observed to be the least shielded of the three; its position will vary over 
the range 3 ^ r ^ 6 (see (Table XIII). Under high resolution, the resonance 
for Ha appears as a pattern of overlapping triplets due to splitting by the 
two equivalent pairs of protons, Ht, and H^/ The coupling constants J'pia-Hb 
are observed to have values over the range 3 to 10 and 8 to 14 cps, 
respectively, similar to those found for cis- and trans-coxvpWng constants 
of protons in an olefinic system (see metal vinyl compounds, above). The 
resonances of Hb and H^ appear at higher fields, well separated from each 
other and from H^, at r values of 5.6 to 6.6, and 7 to 8, respectively. Under 
high resolution, the resonances for Hb and H^ appear as doublets, from the 
coupling of each to H^. The coupling of Hb to H^ {gem coupling) is usually 
too small to be observed, i.e. less than about 1 cps. When the allylic system is 
part of a ring, i.e. protons H^ are replaced by carbon—carbon bonds as in 
cyclopentenyl (C5H7) (IX) or cyclohexenyl (CgHg) (X) groups, the resonance 

The reader is referred to the chapter by Green and Nagy in Volume 2 (p. 332) of 
Advances in Organometallic Chemistry for further discussion of this subject. 



TABLE XIII 

Summary of Magnetic Resonance Data for Derivatives Containing the xr-CaHs Group 







Jab 



Compoimd 

Ha 

Ht, 

He 

(cps) (eps) 

Remarks 

References 

[CaHaNiBrJa 

5.7 

7.7 

8.8 

13.3 

7.0 

CeHe soln, 60 Mc/sec 

44 

[CaHsPdClJa 

4.55 

5.93 

7,00 

12.1 

6.9 

CHCI 3 , 60 Mc/sec 

336 , 337 

[CaHsPdCllz 

(0.88) 

(2.26) 

(3.3) 

12.8 

6.4 

Sc.H, (ext.) = 0 

89 


-3.51 

-4.89 

-5.9 



CHCI 3 , 60 Mc/sec and 15.1 Mc/sec 


[CaHsPdClla 

3.89 

5.32 

6.30 

12 

3 

CDCI 3 

238 

[CaHsPdBrlz 

6.15 

7.0 

8.2 

12.2 

6.9 

CeHe, 60 Mc/sec 

44 

[CaHaPdlJa 

4.60 

5.65 

6,95 

11.8 

6.3 

CHCI 3 , 40 Mc/sec 

337 

CaHiNiClP^a 

(0.97) 

(3.12) 

(3.95) 

— 

— 

CDCI 3 , ScaH, (ext.) = 0; 

169 


-3.60 

-5.75 

-6,58 



(C0H5)3P, Ti5Jl.6 


C3H5Co(CO)3 

5.09 

6.94 

7.86 

10 

6 

56.4 Mc/sec 

238,167 

C8H5Mn(CO)4 

5.30 

7.31 

8.28 

14 

10 

56.4 Mc/sec 

238,183 

CaHsNiCsHs 

6.30 

6.91 

8,13 

11 

3 

TCjHj = 4.21 

238 

CsHsPdCsHs 

4.32 

5.63 

6.81 

10 

5 

TCaHj = 3.5 

238 

CaHsPdCsHs 

5,43 

6.60 

7.90 

10.4 

5.7 

TCjHj = 4.14 

337 

CaHaPtCsHs** 

-6.4 

-6.43 

-7.97 

-8 

-4 

TCiHj = 4.25 

337 

CaHsFeCCOCeHfi 

5.84 

7.33 

9.32 

11 

8 

CeHe soln, 60 Mc/sec 

143 


Tc*Hj= 5.94 
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C3H5Mo(CO)2CjHj 

6.72 

7.40 

9.13 

12 

7.6 

C 6 H 6 + CS 2 soln, 60 Mc/sec 

69 

[C3H5PdCl]2 

4.57 

5-93 

6.91 

12.0 

6.9 

CHCI 3 , 60 Mc/sec 

306 

CsHsPdCacac) 

4.53 

6.26 

7.20 

11.8 

6.5 

Me(acac), r = 8.12 

CH(acac), t = 4.83 

CCI 4 , 60 Mc/sec 

306 

C 3 H 5 C 0 IC 5 HJ 

(1.35) 

(1.87) 

(3.30) 

— 

— 

CDCI 3 , 60 Mc/sec 

166 


4.98 

4.50 

5.93 

— 

— 

8c,h„ (ext.) = 0.0 

TCP = 3.93 (1.2) 


C 3 H 5 CoBrCjHj 

(2.00) 

(1.17) 

(3.67) 

— 

— 

CDCI 3 , 60 Mc/sec 

166 


4.63 

3.80 

6.30 

— 

— 

Sc.H, (ext.) = 0.0 

TCP = 4.06 (1.33) 


C3H5W(C0)2C5H5 

6.75 

7.52 

8.88 

13.8 

6.8 

CeHe, 60 Mc/sec 

150 


TCP = 5.37 


“ Chemical shift values reported in units oftau ; where other units were reported, these are listed in parentheses, and approximate corres¬ 
ponding tau values listed (determined according to conversion table given earlier). 

Spin-spin coupling due to isotope are reported as follows: (cps) Pt-Hc = 54, Pt-Hb = 29, Pt-CsHs = 10.5 (cf. Smith, 343). 
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formerly attributed to is no longer observed and resonances at slightly 
higher fields, t = 8.5 to 9.2, are seen for the methylene groups on carbon 
atoms not associated with the olefinic system [see Shaw and Sheppard (JJ7), 
Fischer and Werner (726), and data presented in Table XIV]. 

TT-Allyl complexes are also known in which either Hb or or both of 
these, are replaced by a methyl or other organic group (Table IX). When 
one methyl group is substituted on the terminal carbon of the simple Tr-allyl 
framework, two isomeric forms are possible for the ligand in the complex: 
a syn and an anti form (XI). Such a methyl group is split into a doublet by 




(XI) 

Hb' or He', = 6 cps and appears at r = 7.7-8.2, the highest field position of 
the proton resonances of the ligand. Assignment of all the resonances has 
been made (25J) (Table XIV). The chemical shifts and coupling constants 
for protons H^, Hb, and He are similar to those given above for the unsub¬ 
stituted allyl group. 

The general pattern of resonances in this type of (nonclassical) 7r-allyl 
complex is such that it is possible to differentiate it from rapidly tautomeriz- 
ing species such as the Grignard reagent containing this group (269). For 
the case of 7r-allylpalladium derivatives, a nonclassical resonance pattern 
(A2B2C) was observed in solvents like CDCI3, but it was found that with 
solvents of greater donor power, like dimethyl sulfoxide, the resonance 
pattern of the allylic group was changed to that of a rapidly tautomerizing 
cr-bonded group (AX4) (67).^ 

® See Sections II, B, 2 and III, 



TABLE XIV 


Summary of Magnetic Resonance Data for Miscellaneous Olefin Complexes Containing the 7r-(C3)M System 


Rela¬ 

tive 

8 T Inten- Multi- J 

Compound (ppm) [ 8 <cHj) 4 Si = 10] sity plicity (cps) Remarks References 


Ct-Cl—C3H4 Co{CO)3, 








Ha Hb 

— 

5.32 

(1) 

2 

8 

Relative position of Cl and He' 

238 

Cl X Hb He 

— 

6.65 

(1) 

2 

8 

not specified. 


y ^ Hc^ 

— 

7.62 

(1) 

2 

11 



He' He Ha 

— 

4.01 

(1) 

m 

— 



j5-Cl—C3H4 Co(CO)3 








Cl 









— 

6.17 

(2) 

1 

^bc 0 


238 

an He 

— 

7.08 

(2) 

1 

— 



He He 








C4H7Co{CO) 3 (syn) 








Ha 

L89 

-4.5 

— 

~ 

Jab = 6.3 

(ext.) = 0; 40 Mc/sec 

252 

Hb 

3.73 

-6.4 

— 

— 

Jac, ac' = 10.5 



He 

4.65 

-7.3 

— 

— 

Jc'CHj = 6-5 


238 

Hc^ 

3.49 

-6.1 

— 

— 

jbe, be' <0,2 



CHa 

5.03 

-7.7 

— 

— 

— 



C 4 H 7 Co(CO )3 (anti) 








Ha 

1.65 

-4.3 

— 

— 

Jab = 7.1 

(ext.) = 0; 40 Mc/sec 

252 

Hb 

3.35 

-6.0 

— 

— 

Jac=12.3 


238 

Hb' 

2.38 

-5.0 

— 

— 

Jab' = 6.8 



He 

3.80 

-6.4 

— 

— 

Jbb' = 1.6 



CHa 

5.45 

-8.1 

— 

— 

Jb'-CHj = 7.0 
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TABLE XIV —continued 


o*^ 


Rela¬ 

tive 


Compound 

d T 

(ppm) [5(CH,)4Si = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

[C4H7PdCl]2“ 








Ha 

0.97 

~3.6 

— 

— 

— 6,3 

5c,h, (ext.) = 0; 

89 

Hb 

3.49 

-6.1 

— 

— 

Tab' =12.0 

CDCI 3 soln 


Hb' 

2.44 

-5.1 

— 

— 

Tab =11.5 



He 

2.39 

-5.0 

— 

— 

Tc'ch, = 6.0 



CH 3 

5.0 

-7.6 

— 

— 




C4H7Fe(CO)3Cl 








Ha 

— 

5.08 

(1) 

c 

— 

60 Mc/sec, CCI 4 

178 

Hb 

— 

5.83 

(2) 

2 

— 

Assignment consistent with anti 

He 

— 

7.10 

— 

2 

— 

isomer; no coupling constants 


Hb' 

— 

5.83 

(1) 

2 

— 

reported 


CH 3 

— 

7.93 

(3) 

2 

— 



C4H7Fe(CO)3l 








Hb 

— 

5.97 

(2) 

1 

Tbc~o 

60 Mc/sec, CHCI 3 

287 

He 

— 

6.28 

(2) 

1 

— 

Assignments consistent with 


CH 3 

— 

7.98 

(3) 

1 

— 

2-methyl-7r-allyl group 


[C4H7PdCI]2 








Hb 

— 

6.17 

(2) 

1 

Tbc 0 

Assignment consistent with 

337 

He 

— 

7.17 

(2) 

1 ' 

*— 

2-methyl-TT-allyl group 


CH 3 

— 

7.90 

(3) 

1 

— 



[(C4H6Cl)PdCl]2 








Ha 

— 

-4.55 

— 

— 

Tab = 6.9 

60 Mc/sec, CHCI 3 

336 

Hb 

— 

-5.98 

— 

— 

Tae = 12.0 

Hb' (or He') and CH 2 CI, not 


He 

— 

-6.97 

— 

— 

— 

given 
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[(C4H60CH3)PdCl]2 


Ha 

— 

-4.5 

_ 

— 

7ab-6.9 

60 Mc/sec, CHCI 3 

336 


— 

-6.0 

— 

— 

Jac = 12.3 

Hb' (or He') and OCH 3 not 


He 

C5H9Fe(CO)3+, BF 4 - 

— 

-7.03 

— 

— 

— 

given 


1,1 dimethyl-TT-allyl 

Ha*» 

_ 

4.35 

(1) 

4 

_ 

60 Mc/sec, in liq. SO 2 ; 

104 

Hb** 

— 

5.72 

(1) 

4 

— 

no coupling constants reported, 


He** 

— 

6.60 

(1) 

4 

— 

but spectrum was very nearly 


CH 3 * 

— 

r7.64 

18.04 

(3) 

(3) 

1 

1 

Z 

first order 


CsHTNiCsHs 








Ha 

— 

5.93 

— 

c 

— 


99 

Hb 

— 

8.51 

— 

c 

— 



He 


9.24 

— 

c 

— 



(CH2)2 

— 

— 

— 

— 

— 



C 5 H 5 

CsHTNiCsHs 


4.78 

— 

1 




Ha 

— 

4.87 

(1) 

— 

— 


124, 123 

Hb 

— 

6.04 

(2) 

— 

— 


180 

(CH2)2 

— 

8.93 

(4) 

— 

— 



C 5 H 5 

C5H7Cr(CO)2(C5H5) 

— 

4.72 

(5) 

— 

— 



Ha 

— 

4.9 

(1) 

— 

— 

60 Mc/sec 

132 

Hb 

— 

6.0 

(2) 

— 

— 



(CH2)2 

— 

8.9 

(4) 

— 

— 



C 5 H 5 

— 

4.7 

(5) 

— 

— 
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TABLE XIV—< 




Rela¬ 




tive 



s 

T Inten- Multi- 

y 

Compound 

(ppm) 

[5(CH,)^si = 10] sity plicity 

(cps) 


(C5H6CH3)Ni(C5H4CH3) 


Hk 



CH3(t) 


Hs + H. 

— 

4.90 

(5) - 

— 

Ha 

— 

6.19 

(2) - 

— 

Ht 

— 

7.99 

(3) - 

— 

He 

— 

8.32 

(1) - 

— 

Hd 

— 

8.65 

(3) - 

— 

Hb 

— 

8.86 

(2) - 

— 

[C6H9PdCI]2 TT-cyclohexenyl 
Ha 

_ 

~3.3 

(1) - 

_ 

Hb 

— 

5.20 

(2) - 

— 

(CH2)2 


8.60 

(4) - 

— 

CH2 

— 

9.11 

(2) — 

— 





125 


40 Mc/sec CeHe 


337 

180 
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C6H9PdC5H5 


Ha 

— 

3.52 

(1) 

— 

— 

40 Mc/sec, CCI 4 ; also measured 

337 

Hb 

— 

5.28 

(2) 

— 

— 

in CeHe for which slightly 

125 

(CH2)3 

— 

8.59 

(6) 

— 

— 

different values obtained 


C 5 H 5 

— 

4.35 

(5) 

— 

— 



C6H9Mo(CO)2C6H7 

— 

4.0 

(1) 

— 

— 

Resonances unassigned; this 

132 


— 

5.35 

(3) 

— 

— 

compound can also exist in 



— 

7.05 

(2) 

— 

— 

isomeric form, as 



— 

8.2 

(6) 

— 

— 

(C6H8)2Mo(CO)2. 



— 

9.1 

(4) 

— 

— 

See Table XV 


C6F9Fe(CO)3 








Fa 

8064 cps 

— 

— 

— 

— 

56.45 Mc/sec, NH 2 CHO soln 


Fb 

7718 cps 

— 

— 

2 

= so 

Sc.HsFs (int) = 0 

272 

F- 

3910 

— 

— 

— 

— 



1 

ri935 

— 

— 

2 

45 



(CF2)3 ^ 

2167 

— 

— 

2 

45 




[3103 

— 

— 

3 

217 




C7H5F4NiC5H5 



Hb 

C 5 H 5 


4.48 (1) — — 

6.07 (2) c — 

7.33 (2) c — 

4.75 (5) — — 


60 Mc/sec, CCI 3 soln 
Fluorine resonance: A B quartet 
complete analysis given 


235 
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TABLE XIV—< 


Compound 


8 T 

(ppm) [S(CH,) 4 Si = 10] 


Rela¬ 

tive 

Inten- Multi- J 
sity plicity (cps) 


CTHsFaClNiCsHs 

Ha 

Hb 

Hy 

CsHs 

[C6H90PdCl]2 



o 

II 


4,53 (1) — — 

6.07 (2) c — 

7.22 (2) c — 

4.78 (5) — — 


6.29 

7.50 

7.55 

7.84 

8.61 


R = CH3C- 



For phosphine and amine 211 

substituted complexes, cf. {112) (cf. also 

Hobgood et al. {112) 218) 
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Ho 

— 3.45 

(2) 

3 

(CH3)2 + 2Ht 

— 6.3 

(8) 

c 

Ha 

— 7.82 

(1) 

3 

C 5 H 5 

— 4.76 

(5) 

— 

CisHitNiCsHs (see text) 





r7.66 

(3) 

— 


J 8.46 

(3) 

_ 

4 CH 3 

“ 1 9.05 

(3) 

— 


[ 9.09 

(3) 

— 

C 5 H 5 

— 4.95 

(5) 

1 


'3.79 

(1) 

1 


3.83 

(1) 

2 

5H 

— < 5.75 

(1) 

2 


7.25 

(1) 

1 


.7.45 

(1) 

1 


[MeOCH2C3H4PdCl]2 


C 

JO —'X 

MeOCH,—C' 'C-2 


Hi 

Ha 

Hs 

Hio 

[MeOCH2C3H4PdBr]2 

Hi 

Ha 

H3 

Hio 


4.50 

6.00 

7.03 

6.58 


5.93 

6.99 

6.58 



98 


193 


J=\0 

J=\0 


Ji 2 = 6.9 CDCb, 60 Mc/sec 306 

3^13 = 12.2 


= 6.8 CHCb, 60 Mc/sec 306 

3^13 = 11.9 


00 
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Rela¬ 

tive 

8 T Inten- Multi- J 

Compound (ppm) [ 8 (CH 3 ) 4 Si = 10] sity plicity (cps) Remarks References 


[ClCH2C3H4PdCI]2 


Hi 

— 

4.55 

— 

— Ji2 = 6.9 

CHCI 3 , 60 Mc/sec 

306 

Ha 

— 

5.98 

— 

— Ji3 = 12.0 



Ha 

— 

6.97 

— 

— — 



[But-2-enyI PdClja 







Hi 

— 

4.73 

— 

— Ji2 = 6.5 

CHCI 3 , 60 Mc/sec 

306 

Ha 

— 

6.10 

— 

— Ji3 = 12.1 



Ha 

— 

7.18 

— 

— — 



H? 

— 

8.65 

— 

— — 




[MeOCH 2 CHCMeCH 2 PdCI ]2 


Me (5) 

I 

Q 

I 

3 


H 2 

— 

6.16 

— 

— 

— 

H 3 

— 

IM 

— 

— 

— 

H 4 

— 

6.37 

— 

— 

— 

Hs 

— 

7.83 

— 

— 

— 

Hio 

— 

6.59 

— 

— 

— 

CH 2 

— 

6.37 

— 

— 

— 


CHCh, 60 Mc/sec 


306 
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[MeOCH2C4H6PdBr]2 

Hz — 6.11 

Hs — 7.12 

H4 — 6.30 

Hs — 7.92 

Hio — 6.59 

CH2 — 6.30 

[MeOCH2C4H6PdI]2 

H2 — 5.96 

Hs — 7.17 

Hs — 8.07 

Hio — 6.60 

[MeOCH2C4H6PdSCN]2 
H2 — 6.22 

Hs — 7.24 

H4 — 6.37 

Hs — 7.98 

Hio — 6.62 

CH2 — 6.37 

MeOCH2C4H6Pd(acac) 

H2 — 6.48 

Hs — 7.33 

Hs — 7.82 

Hio — 6.64 

(acac) Me — 8.14 

(acac) CH — 4.84 

MeOCH2C4H6PdCp 

Hs — 8.03 

Hio — 6.70 

Cp — 4.45 


CHCIs, 60 Mc/sec 


306 


CDCls, 60 Mc/sec 306 

H 4 and CH 2 not given 


CDCls, 60 Mc/sec 306 


CCI 4 , 60 Mc/sec 306 

H 4 not given 


CCI 4 , 60 Mc/sec 306 


00 
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TABLE XIV —continued 


Rela¬ 

tive 




T 

Inten¬ 

Multi¬ 

j 



Compound 

(ppm) [S(CH,),si = 10] 

sity 

plicity 

(cps) 

Remarks 

References 

[MeOCMe2C3H4PdCl]2 








Hi 

— 

4.53 

— 

— 

II 

bo 

CHCla, 60 Mc/sec 

306 

Hz 

— 

6.00 

— 

— 

7i3 = 11.6 



Ha 

— 

7.02 

— 

— 

3^14 = 11.4 



H4 

— 

6.25 

— 

— 

— 



H9 

— 

8.6 

— 

— 

— 



Hio 

[MeOCMe2C3H4PdI]2 

— 

6.70 

— 

— 

— 



Hi 

— 

4.64 

— 

— 

J^i2 = 7.0 

CHCla, 60 Mc/sec 

306 

Hz 

— 

5.87 

— 

— 

.713=12.2 



Ha 

— 

7.10 

— 

— 

7i4 = 12.2 



H4 

— 

5.96 

— 

— 

— 



Hg 

— 

8.50, 8,55 

— 

— 

— 



Hio 

MeOCMe2C3H4PdCp 

— 

6.71 

— 

— 

— 



Hi 

— 

5.17 

— 

— 

Ji2 = 6.4 

CCI 4 , 60 Mc/sec 

306 

H2 

— 

6.55 

— 

— 

J^i3 = 10.5 



Ha 

_ 

7.88 

— 

— 

— 



H4 

— 

6.9 

— 

— 

— 



Hg 

— 

8.66, 8.75 

— 

— 

— 



Hio 

— 

6.85 

— 

— 

— 



Cp 

[MeOCHzCsHsPdCllz 

— 

4.38 

— 

— 

— 



Hs 

— 

7.86 

— 

— 

— 

CDCI 3 , 60 Mc/sec 

306 

Ha 

— 

8.60 

— 

— 

— 



Hio 

— 

6.79 

— 

— 

— 
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[MeOCH2C5H8PdBr]2 


Hs 

— 

7.92 

— 

— 

Ha 

— 

8.46 

— 

— 

Hio 

— 

6.81 

— 

— 

[MeOMe2CC5H8PdCl]2 

Hi 

— 

4.93 

— 

— 

H 4 

— 

6.18 

— 

— 

He, 7 

— 

8.61 or 8.77 

— 

— 

H 9 

— 

8.61 

— 

— 

Hio 

— 

6.70 

— 

— 

[MeOCMe2C5H8PdI]2 

Hi 

— 

4.89 

— 

— 

H 4 

— 

5.93 

— 

— 

Hio 


6.70 

8.13,8.48, 

8.54 

8.67 



MeOCMe2C5H8PdCp 

Hi 

— 

5.22 

— 

— 

H 4 

_ 

6.62 

— 

— 

Ho 

— 

8.65, 8.75 

— 

— 

Hio 

_ 

6.85 

— 

— 

cp 

— 

4.50 

— 

— 

MeOCMe2C5H8Pd(acac) 

Hz 

— 

6.62 

— 

— 

H 3 

— 

7.44 

— 

— 

Hs 

— 

7.69 

— 

— 

(acac)Me 

— 

8.18 

— 

— 

(acac)CH 


4.90 

— 

— 


CDCI 3 , 60 Mc/sec 


306 
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TABLE XIV—^ 


Rela¬ 

tive 

d T Inten- Multi- J 

Compound (ppm) [ 8 (CH 3 >^si = 10] sity plicity (cps) 

[MeOCMe2C4H6PdCl]2 
H2 
Hg 

H4 
Hs 
H9 
Hio 

MeOCMe2C4H6Pd(acac) 

H2 
Hg 

H4 
Hs 
H9 

Hio 

(acac)Me 
(acac)CH 

MeOCMe2C4H6PdCp 


Hs 

— 7.93 

— 

— 

— 

Hd 

— 8,63 

— 

— 

— 

Hio 

— 6.76 

— 

— 

— 

Cp 

— 4.40 

— 

— 

— 


6.28 _ _ _ 

7.21 _ _ ^ 

6.55 _ _ _ 

7.76 _ _ _ 

8.53,8.62 _ — — 

6.67 — _ _ 


— — 

7,36 _ __ _ 

6.93 _ _ _ 

7.69 _ __ _ 

8.53,8.63 — _ — 

6.71 _ _ _ 

8.12 _ _ _ 

4.82 _ _ _ 



CCI 4 , 60 Mc/sec 


306 
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ecu, 60 Me/sec 


306 


CHCI 3 , 60 Mc/sec 306 


CCI 4 , 60 Mc/sec 306 


279 


J'ac = 10.5 SCjHe = 0 30 

Jab = 6.3 
Jad = 10.5 

Jbc < 0.2 
Jbd < 0.2 
JdMe = 6.5 


S3 
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TABLE XIV —continued 


Rela¬ 

tive 


Compound 



a 

(ppm) 

T 

[8<ch,)^si = 10] 

Inten- Multi- 
sity plicity 

j 

(cps) 

Remarks 

References 

Me'C3H4Co(CO)3 









a 

a 


1.55 

«4.18 

— — 


Sc,He = 0 

30 

1 

b 


3.35 

a 6.98 

— — 

Jac=12.3 




c 


3.80 

a 6.43 

— — 

^ad = 6.8 



b—C' 'C—d 

d 


2.38 

a 5.01 

— ■ — 

Jbc = 0.6 



1 1 

Me' 

5.45 

a 8.08 

— — 

Jbd=1.6 



c Me 






J^dMe = 7.0 



Me'C4H«Co(CO)3 









a 


a 

1.90 

a4.53 

— — 

J'ab = 6.4 

5c,h, = 0 

30 

1 


b 

3.57 

a 6.20 

— — 

J'ac=11.2 





c 

4.13 

a 6.76 

— — 

Jbc=1.2 



b—C' 'C—Me 

1 1 


Me 

4.88 

a7.51 

— — 

— 



1 1 
*= Me' 


Me' 

5.35 

a 8.98 

— — 

— 



MeMe'C4H5Co(CO)3 









Me' 


b 

3.50 

a6.13 

— — 

00 

d 

II 

Sc,He = 0 

30 

1 


c 

3.99 

«6.62 

— — 

— 





Me" 

4.67 

«7.30 

“ — 

— 



b—C 'C—Me 


Me 

4.82 

«7.45 

— — 

— 



i Me' 


Me' 

5.32 

a 7.95 

— — 

— 
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EtC3H4Co(CO)3 


a 


1.90 

a 4.53 

b 


3.70 

a 6.33 

c 


4.69 

a7.32 

d 


3.62 

a 6.25 

CH 2 


4.90 

a 7.53 

CH 3 


5.50 

*8.13 

Et'C3H4Co(CO)3 




a 


1.73 

*4.36 

b 


3.39 

a 6.02 

c 


3.90 

a 6.53 

d 


2.45 

;5j5.08 

CH 2 


5.17 

;5j7.80 

CH 3 

C5H9Co(CO)3 


5.62 

a 8.25 

a 

1 

a 

2.67 

a 5.30 

c 

c 

3.72 

;^6.35 

Me—C' C-Me 

d 

3.72 

^6.35 

1 1 

Me 

5.09 

«7.72 

c d 




C5H9Co(CO)3 




a 

a 

1.85 

»4.48 

1 

c 

3.75 

^^^6.38 

C 

/-'CS 

d 

2.77 

«5.40 

Me—'C—d 

1 1 
c Me' 

Me 

Me' 

4,99 

5.45 

^7.62 

»8.08 


7ab = 6.2 

7ac=10.4 

7ad = 10.0 

7bc<0.2 

7bd<0.2 

Et 7,1 

J^dCHj = 6.3 

Sc,He = 0 

30 

7ab = 6.4 
7ac-10.9 

(not obs.) 

30 

7ad = 7.0 

7bc = 0.8 

Jbd = 1.6 

J^dCHj = 6.3 

5c«h, = 0 


7ac-9.8 

7ad = 9.8 

J^dMe = 6.5 

ScoH6 = 0 

30 

y^c =11.3 
J^ad-7.2 

J^dMe = 6.5 

J^cMe = 6.5 

Sc,H, = 0 

30 
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TABLE XIV —continued 


Compound 

S 

(ppm) 

T 

[S(cHj)4S1 = 10] 

Rela¬ 

tive 

Inten- Multi- 
sity plicity 

7 

(cps) 

Remarks 

References 

C7HiiCo(CO)2P(Ph)3 

5.75 

a 8.38 

— — 

— 

S c^He (ext) = 0 

163 


5.33 

i^7.96 

— — 

— 



1 CH, 

4.83 

;^7.46 

— 

— 



/-Sn I 

4.57 

aj7.20 

— — 

— 



~C'' ' C—CHCOMe 

3.00 

i^5.63 

— — 

— 



1 1 

1.80 

1^5.43 

— ■ — 

— 




-0.42 

^2.21 

— — 

— 



C8Hi3Co(CO)2P(Ph)3 

3.90 

;^6.53 

— — 

— 

ScgH, (ext) = 0 

163 

Me 

4.93 

i^7.56 

— — 

— 



1 

5.65 

aj8.28 

— — 

— 




6.91 

^9.54 

— — 

— 



—C' ''C—CH.COMe 

1 1 







) 1 

Me 







[MeOCMe2C3H4PdBr]2 







Hi 

— 

4.56 

— — 

Ji2 = 6.4 

CHCb, 60 Mc/sec 

306 

H2 

— 

5.96 

— — 

Ji3 = 12.3 



Ha 

— 

7.08 

— — 

7i4 = 11.4 



H4 

— 

6.14 

— — 

— 



Hg 

— 

8.57 

— — 

— 



Hio 

— 

6.70 

— — 

— 




® Tentatively assigned by authors as syn isomer, but in view of coupling constants reported, and later assignments by others for similar 
types of compounds, it is listed here as the anti isomer. 

^ Resonances were not assigned by original authors; present tentative assignment based on chemical shift patterns of similar types of 
compounds reported in this review. 
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The unusual derivative Ci 3 Hi 7 NiC 5 H 5 (XII) obtained from tetramethyl- 
cyclobutadiene, nickel dichloride, and sodium cyclopentadienide was 
believed in 1961 to contain a cyclopentenyl ring system. Subsequently, it 
was suspected that this might not be the correct structure since the proton 
NMR showed, among other features, that the four methyl groups are each 
different from one another {193) (see also Table XIV). Preliminary indi¬ 
cations from an X-ray crystallographic study {78) point to an alternative 
structure, containing a cyclobutenyl ring, which would also account for the 
observed NMR data. 




(XII) 


Olefin Complexes Containing the 7r-{C^M System, Cyclobutadiene is the 
simplest example of an olefin having a 77--(C4)M system. Complexes are 
known in which this ring system is believed to be present, for example, 
tetramethylcyclobutadiene-nickel dichloride {75a) or of nickel salts {129a). 
No magnetic resonance data are yet available for these compounds. 

The complex first formulated as C 4 H 4 Ag'^, N 03 “ {19a, 20) has been 
reinvestigated {19). The single resonance at r = 2.9 in water or D 2 O solution 
may be that of a decomposition or rearrangement product formed shortly 
after the complex is dissolved. This same resonance is observed when an 
authentic sample of the complex between ^jw-tricyclooctadiene and silver 
ion is allowed to age in solution. When freshly prepared, the complex of 
tricyclooctadiene (see Table X) gives two resonances in D 2 O, at r = 2.74 and 
5.83, which are of equal intensity. Therefore, the former assignment of 
C 4 H 4 AgN 03 {20) which was based mostly on the single resonance in solution, 
is now open to question. It is obvious that some changes with time occur for 
these complexes in solution ; further details have been promised (19). 
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The parent olefin for the majority of 7r-(C4)M complexes (XIII) is 
butadiene, for which three resonances with intensity ratios 1:1:1 are 
observed (see Table XV). When the olefin becomes complexed to a transition 


Hb 

M 

7r-(C4H6)M 

(XIII) 

metal, the three groups of resonances assume approximately the same 
positions as the resonances of the three types of protons in the 7r-allyl group. 
The lowest field resonances in the butadiene complexes are assigned as the 
Ha protons, observed near t = 4 or 5. These are at only slightly higher field 
than the resonances of the corresponding protons in the free olefin (t = 3.8, 
see Table XV). The other protons appear near t = 9, a shift of about 4 ppm 
to higher field in the complex compared to the free olefin. 

Before an attempt is made to arrive at a quantitative explanation for the 
chemical shifts observed for protons in these (or any other) systems, a 
detailed knowledge of the structure and the placement of the hydrogen atoms 
is indispensable. In the butadiene complex, (C 4 H 6 )Fe(CO) 3 , the placement 
of the olefin with respect to the iron tricarbonyl group by X-ray diffraction 
studies {250) does not lead to unequivocal positions for the hydrogen atoms. 
These could, on the one hand, all be coplanar with the carbon atoms, as 
implied in the representation (XIII) for 7r-(C4H6)M. On the other hand, by 
analogy with recent structural work on cyclopentadiene complexes (see 
below) there is a good chance that the hybridization for the terminal carbon 
atoms of the diene system is departing from sp^ (toward sp^). If so, the four 
terminal hydrogen atoms would be displaced from the plane containing the 
other atoms of the ligand, as might be represented by the structure (XIV) 
[cf. structure (III) of Mills and Robinson (250)]. 




(XIV) 



TABLE XV 



THE w-(C4)M System, and for Some of the Free Olefins 


Rela¬ 

tive 

Inten¬ 

Multi¬ 

J 



sity 

plicity 

(cps) 

Remarks 

References 


— 

2x3 

(see text) 

40 Mc/sec, 21°± 1^ 

149 

(2) 

c 

— 

40 Mc/sec, 21 “ ± 1 ^ 
liquid 

148 

(4) 

3 

— 



(2) 

c 

6-9 

40 Mc/sec, 21° ±1° 

148 

(2) 

2 

4.1, 2.5 



(2) 

2x2 

4.1, 2.1 



(20) 

2 

-10 

40 Mc/sec 

148 

(2) 

— 

— 



— 

— 

(see text) 


149 

(2) 

3 

— 

Not well resolved 

149 

(2) 

3 

— 



(2) 

1 

— 

Reported as 

149 

(2) 

1 

— 

(CiiH705)Fe 


(2) 

I 

— 



(I) 


— 


200 

(3) 

— 

— 



(2) 

— 

— 



(2) 

— 

— 



(2) 

— 

— 



(2) 

—. 

— 



(2) 

— 

— 




>o 
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TABLE XV —continued 



>o 


Rela¬ 

tive 


Inten¬ 

sity 

Multi¬ 

plicity 

J 

(cps) 

Remarks 

References 

_ 

_ 

_ 


379 

1 1 1 

1 1 1 

— 

56.5 Mc/sec 

S79 

(4) 

c 

<1 

40 Mc/sec 

148 

(2) 

5 

~ 1.2 


348 





360 

— 

— 

— 

Acetone soln 

360 

_ 

_ 

_ 




(7) 

2 

— 

40 Mc/sec 

148 

3 or 4 

1-2 

Also taken at 60 Mc/sec 


(2) 

— 

— 



(1) 

2 

11.2 



(1) 

2 

11.2 



(5) 

1 

_ 

40 Mc/sec 

148 

(2) 

3 

-2 

Also taken at 60 Mc/sec 


0) 

2 

12.7 



(1) 

2 

12.7 



(2) 

5 

— 



(5) 

1 

— 

40 Mc/sec 

148 

(2) 

3 

2 



(2) 

4 

~2 



(1) 

5 

2.1 




See CeHi 

rFeCsHs, Table XVIII 




See CeHeDFeCsHs, Table XVIII 
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(CH«)Fe(CO)«P 03 

CeHs 

Hb 

^CH2 

Substituted Cychpentadienes 

(C5H5CH3)CoC5H5 

CsHs 

Ha 

Hb 1 
CHCCHa) / 

CH3 

(C5H5CHCU)CoC5H5 

C5H5 

Ha 

CHCI2 

CH(CHCl8) \ 

Hb / 

(C6H5CCla)CoC5H5 

C5H5 

Ha 

CH(CCl 3 ) 

Hb 

(C6H5CF3)CoC5H5 

CH(CF 3 ) 

(CaF^K C5H5 CoC5H5)2 
Ha 

CH(CF2-) 

C5H5 

Hb 


2.73 

4.87 

7.5 

7.19 

7.38 

8.0 


5.39 

4.93 

7.37 


5.25 

4.88 

6.00 

7.86 

8.11 

5.25 

4.77 

6.30 

7.40 


5.08^ 

3.1^ 

4.62^ 

2.37^ 



(15) 

2 

P^'^-H, 5.2 

56.43 Mc/sec 

84 

(2) 

2x2 

Overlapping 



(4) 

— 

— 



— 

— 

AB pattern 



_ 

_ 





(5) 

1 

— 

40 Mc/sec 

148 

(2) 

3 

2 



(3) 

c 

— 



(3) 

2 

5.8 



(5) 

1 

— 

40 Mc/sec 

148 

(2) 

3 

2 



(1) 

2 

8.9 



(3) 

c 

— 



(5) 

1 

_ 

40 Mc/sec 

148 

(2) 

3 

2 


365 

(1) 

3 

2.5 



(2) 

2x2 

4.2, 2.2 


173 

— 

3x4 

— 

fip** for CFa, doublet. 





from jfcH-CFi 

173 

— 

3 

2 

FI 2 (««/)CF^=0) 

173 

— 

(very weak) 

62.2 ppm, doublet 


— 

1 

— 

J'cH-cFa = 13.5 cps 



'O 
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TABLE Xy—continued 


Compound 


a T 

(ppm) [accHaxsi = 10] 


(C»H4)('C5HsCoC6Hft)* 



Ha 

Hb 

He 

Hd 

He 

Hf 

Hg 


4.8 

4.8 

4.92 

5.27 
6.50 

7.28 
7.81 


(CsHs C.H7 )CoC5H5 



O' 


ReU- 

tive 

Inten- Muld- J 

aity plicity (cps) Remarks References 



(4) 3 — CS 2 soln, 60 Mc/sec I SI 

(1) Obscured 

( 1 ) 3 — 

( 10 ) 1 — 

(2) c — 

(4) 3+c ~ 

(2) 4 — 


(4) c AsB* CS* soln, 60 Mc/sec ISl 

J^AB = 8.4 Also reported for 

J^AB = 1,6 benzene soln 

( 1 ) 4 - 

(2) 3 A*Xs(x = Hf) 

J^AA+ Jktc = 4 


(5) 

( 1 ) 

(4) 


1 

4 
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Cyclohexadienes 



(4) 

2 

- 2 

22‘ ±r 

48 

(4) 

— 

- 4 

CCh soln 


(2) 

A«X3 

7.* = 4.1 





7.1. - 6.6 


48 

(2) 

2x3 

1.5 



(4) 

— 

— 



(1) 

1 

_ 

60 Mc/sec 

132 

(1) 

1 

— 



(2) 

2 

5.7 



(2) 

_ 

_ 


204 

(5) 

— 

— 



(2) 

— 

— 



(2) 

— 

— 



(2) 

— 

— 



(6) 

1 



I2I 

(2) 

2x2 

— 



(2) 

— 

— 



(4) 

— 

— 



6 

2 

2 

— 

— 


120 

4 

(6) 

1 


56.45 Mc/sec 

181 

— 

— 

7a. = 3.4 

CCI 4 soln 


(2) 

AeX» 

7.b = 5.6 

This compound may 


— 

— 

7.b'= 1-1 

also exist in isomeric 


— 

— 

— 

form, as (C 6 H 7 )iRu, 


(2) 

b 

Unresolved 

see Table XVIII 


(4) 

3 

~ 






Liquid 


— 

3 + c 

13.2 

= 0 

173 

— 

3 

15.2 





r 30.6 



— 

5x4 

< 13.4 




(?) 

ll.5 
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TABLE XV —continued 


Rela¬ 

tive 

d T Inten- Multi- J 

Compound (ppm) [5,ch,),si = 10] sity plidty (cps) Remarks References 


C«F 8 Fe(CO )3 

\CFt 

/ 

Fa 


Fb 


Subitituted Cyclohexctdienes 

(CH3)3C6H5Fe(CO)3 



(C6H«C2H4)CoC5Hs 

CsHio, bicyclo[4,2, Ojocta-2,4-diene 
(see text for figure) 


Ha 


C 5 H 5 

Hb 


Ha 

^CH(CH3) 

^CH* 

(CH3)a 

(CH3)b 

^CH(CH3) 


CH—CH> 




CH“CH. 


(C,H.C3H4)Fe(CO)3 

Ha 


Hb 

>CH 

)>CHs 


J 35.4 

1 ZA. *70 

119.4 


139.5 


3x3 

5x4 

(?) 


J^CF|-CF = 18.2 
J^AB = 232 

f'F — 14.2 


{ 

{ 


19.4 
3.4 
18.2 
- 3 


CCI 4 soln 


/7J 


4.83 _ _ _ 

7.08 — _ _ 

7.85 _ _ _ 

7.93 _ _ _ 

8.45 _ _ _ 

9.07 — 2 Jru-ru, 


200 


4.96 (2) 

5.38 (5) 


Fine structure not 204 

determined. 


6.87 

7.79 

8.44 

9.14 


( 2 ) 

( 2 ) 

( 2 ) 

( 2 ) 


60 Mc/sec, CS* 


4.64 

(2) 

AjXz 

(x = Hb) 
J^AA ™ 4.8 

6.63 

(2) 

— 

J^Ax = 6.8 
Jax' =1.6 

7.45 

(2) 

— 

— 

8.16 

8.83 

(4) 

AtBt 

— 


MADDOX, S. L. STAFFORD, and H. D. KAESZ 



H4.# 

Hs»e 


Cycloheptatrient 



H .,7 

^CH« 


(iron bonded to Ca, 5 t«, and?)) 


Ha 

H* 


Ha,. 

H 4 

H, 

)>CH2 

(C7H8H+)Fe(CO)3\ 

(C7H8D+)Fe(CO)3/ 

CaHsFeCTHio 

A 

B 

C 

D 

F 

Cycloheptadiene 

C7H10 

^CH 

(>»•). 

^CHa 

C 7 Hio-Fe(CO)a 

Ha 

Hb 

Oh.). 

">CHa 


C.Hg 


Cyclooctatetraene 


— 

3.49 

— 

c 

— 


— 

3.91/’ 

— 

2x3 

J<4,5>(a,«) = 3.1 

48 




AB pairs 7 ab = 9 



4.73 


2X3 



— 

7.81 

(2) 

3 

(1.1) = 6.7 



10 r- 
00 00 


c 


48 

— 


AB pair 
c 

1 1 

80 


4.76] 
6.70 
7.04 J 


c 

7aa=4.74 


— 


AaXa 

c 

(Hx = H 4 or H?) 

7ax = 7.7 



— 

c 

3^ax'== 1.5 



/7.62 

— 

— 

— 



\7.73 

— 

— 

— 




See 7r-(C5)M derivatives, Table XVIII 


_ 

5.18 

2 

_ 

_ 

A, B and C are the 120a 

— 

5.98 

4 

— 

— 

TT-bound part of the ligand 

— 

6.29 

4 

— 

— 


— 

7.71 

4 

— 

— 


— 

8.80 

4 

— 



— 

4.31 

— 

c 

— 

48 

— 

7.69 

— 

c 

— 


— 

8.08 

— 

c 

- 


— 

4.76 

6.99 

(2)1 
(2) 1 

A 2 X 2 

Jaa=4.75 

7ax = 7.6 

Jax' = 1.2 

48 

80 

— 

8.05 

(4) 

c 

— 


— 

8.55 

(2) 

c 




171 cps 


4.3 


Low-field side of 228 

cyclohexane; 40 Mc/sec 
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TABLE 


s 


Compound 


Rela. 

tive 

3 T Inten- Multi* J 

(ppm) [3 (CHi)4Si = 10) sity plidty (cps) Remarks References 

_ 2 


C8HbFc(CO)i 

152 cps 

4.76 

— 

1 

— 

Low-field side of 22& 







cyclohexane; 40 Mc/sec 

C8H8Fc(CO)3 

— 

4.8 

— 

1 

— 

CbHb soln, 60 Mc/sec 130 

C8H8[Fc(CO)3]. 

— 

4.4 

(1) 

— 

— 

CDCI 3 soln; 60 Mc/sec 130 


— 

6.9 

(1) 

— 

— 


CBH8Fe(CO)»(As^s) 








237 cps 

- 2.6 

— 

— 

— 

Low-field side of 225 

CbHb 

/ 231 cps 
\ 137 cps 

-2.76 

-5.1 

_ 

— 

_ 

cyclohexane; 40 Mc/scc 

C8H8Fe(CO)i(Sb0B) 








234 €ps 

-2.7 

— 

— 

— 

Low-field aide of 225 

CbHb 

138 cps 

- 5.1 

— 

— 

— 

cyclohexane; 40 Mc/sec 

(C8H9H)+Fe(CO)8 1 
(CBH8 D)+Fe<CO)» / 



See w-(C 8)M derivatives. Table XVIII 


CBH7C8H7Fe(CO)B 

1 







1 

Fe 

(CO)a 







H.., 

— 

4.27 

2 

M 

— 

247 

H 3.4 

— 

4,78 

2 

— 

— 


H. 

—- 

6.81 

1 

2 

— 


Hb 

— 

7.04 

1 

3 

— 


Hi,8 

— 

8.45 

3 

M 

— 


Cyclooctatrienes 







C8HioFe(CO)3 







H8,4 

— 

5.49 

— 

c 

— 

Benzene soln 56 

H» 

— 

6.68 

— 

3x2 

5,2 


^ Hb 

)>CH.(6) 

— 

-7.3 

8.06 

I 

c 

c 

I 


_ H.,, 

r- 

8.7 to 

\ 

— 

— 


5 6\ CHt(8) 


9.8 

10.61 

1 = 

c 

— 
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C8HioFe.(CO)« 

— 

5.47 

2 

2x2 — 

CS* soln 

196 




— 

6.08 

2 

2x2x2 — 






— 

7.35 

2 

6 — 






— 

7.96 

2 

6 — 






— 

8.47 

2 

5 — 



C8HioFe(CO)# 







Free olefin 


— 

4-5 

4 

— — 

Complex, well-resolved 

247 








band 


He 



— 

6.51 

1 

3 — 

Unsymmetrical 


Ha 



— 

6.86 

1 

3 — 

Unsym metrical 


CH. 



— 

7.9, 8.5 

4 

— — 



C8HioMo(CO)8 

— 

4.15 

2 

2x2 — 


196 




— 

4.86 

2 

2x2x2 — 






—> 

5.31 

2 

5 — 






— 

7.9 

2 

C — 






— 

8.7 

2 

— — 



C8H}oCoCp 

















[ J 

n 

1 CoCp 
















Free olefinic H*s 

— 

4.62 

1 

— — 


247 

Bonded olefinic H*ft 

— 

6.46 

2 

— — 



CHe 



— 

7.2, 8.5 

— 

— — 



Inner 



— 

4.92 

2 

4 — 



Outer 



— 

6.86 

2 

— — 


247 

Bridgehead 


— 

7.69 

2 

— — 



CH* 



— 

8.92 

4 

— — 





Other Miscellaneous Ligands 







C7HioOFe(CO)* 

— 

4.39 

1 

— — 


196 

Me*C:CHC(Me):CO or 

— 

8.10 

3 

— — 



MeaC:C(Me)CH:CO 

— 

8.22 

3 

— — 






— 

8.20 

3 

— — 




o 
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TABLE continued 


Compound 

6 

(ppm) 

T 

[^(CundSi = 10] 

Rela¬ 

tive 

Inten¬ 

sity 

Multi¬ 

plicity 

J 

(cps) 

Remarks References 

[C«H.Fc(CO)3]a 

_ 

4.81 

2 

_ 

_ 

ecu 223 


— 

8.24 

1 

— 

— 

Two diastereomers 


— 

8.89 

5 

— 

— 

unidentified 


— 

9.74 

1 

— 

— 



— 

4.83 

2 

— 

— 



— 

8.28 

1 

— 

— 



— 

8.92 

5 

— 

— 



— 

9.77 

1 

— 

— 


Tropone iron tricarbonyl 

— 

3.4 

2 

C 

— 

196 


— 

5.09 

1 

2x2x2 

— 



— 

6.91 

1 

5 

— 



— 

7.29 

2 

3 

— 


CsHsOFeCCOa 

— 

3.8 

2 

C 

— 

196 


— 

4.43 

2 

3 

— 



— 

6.59 

1 

3 

— 



— 

7.10 

2 

2 

— 



‘— 

7.72 

1 

3 




“ Center of symmetry, double triplet pattern, AaBi 

* Decomposition product. 

* The autlmrs claim their proton resonances are listed as r-values; however, from the discussion in their text, it is clear that Hb should be at higher field than H*, so it is suspected that 
these [and possibly all the resonances reported, especially the low value for -CH(CFi)] are unconverted S values (chemical shifts on the low side of Me 4 Si). 

^ This compound may also exist in isomeric form as C«H»Mo(CO)3(C6Ht), see Table XIV or XVIII. 

* Center calculated for each of an AB pair. 
f Center calculated for each of an AB pair, 
s Onter calculated for each of an AB pair. 
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The NMR spectra of butadiene complexes (XIII) are interpretable in 
terms of an A 2 B 2 X 2 system. The resonance for the protons would be 
expected to be a triplet of triplets. The larger spacing would correspond to the 
coupling constant between and the two protons. Because each Ha 
proton is strongly coupled to the other, there would be some contribution to 
the coupling of an Hg proton with the distant proton [see Pople, Schneider, 

and Bernstein ( 290 ) or the discussion of “virtual coupling by Musher and 
Corey ( 261 )]. The long-range interaction would be expected to be small 
(though detectable) and this would lower the net observed coupling constant 
The larger triplet separation should be an average of the coupling 
constants (vicinal) and (long-range). If the latter is close to 

zero, then the effective coupling constant should be about half the “normal ” 
vicinal coupling constant, which would depend, in turn, upon the dihedral 
angle between the protons in this rigid system ( 186 ). Similar arguments hold 
for the smaller triplet separation in the resonance of proton This proton 
is also in a vicinal position relative to proton H^, and there should be two 
coupling constants^Ha-Hb (vicinal) and Jna-Hb' (long-range); the observed 
coupling should be an average of these, and again, if the long-range coupling 
is close to zero, the observed smaller triplet separation should be about 
half the “normal ” coupling. 

The fine structure in the resonance for would be expected to be a 
triplet with splitting equal to the smaller triplet separation for for 
a triplet of separation equal to the larger separation of triplets in Ha would be 
expected. The coupling between H^ and H^. is a geminal interaction and 
could be very small; it is, in fact, not normally resolved under present 
instrumental conditions. With more rigorous analysis, it is also possible to 
derive the coupling constant Jh.--H a this system; this is reported for some 
of the derivatives containing the 7r-(C4)M system (see Table XV). It has 
been observed generally to be in the range of 4 to 5 cps. 

The diene bonding system may also be part of a larger carbocyclic ring 
bonded to a metal, as for instance in complexes of pentadiene, tt- (C5H6)M 
(XV); hexadiene, 7r-(C6H8)M (XVI), or heptadiene, 7r-(C7Hio)M (XVII) 
(see Table XV). In these, the protons Hg of butadiene are replaced by one or 
more methylene groups which introduce further complexities in the NMR 
spectra. In the pentadiene derivatives, of which (C 5 H 6 )Fe(CO) 2 P ^3 ( 84 ) 
may serve as an example, the resonance of the Ha protons is found at t = 4.9, 
and that of the H^ protons at t = 8.0. These chemical shifts follow reasonably 
closely those assigned for the corresponding protons in the butadiene com- 
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plex, (C 4 H 6 )Fe(CO) 3 , even though there are other differences in the com¬ 
plexes being compared. The ring protons Hg and Hb have been analyzed as 
an A 2 B 2 system and the coupling constants arrived at for Ja-b (^)> 
and Ja-b (distant) are of comparable magnitude to analogous coupling 
constants in related complexes. The Hb protons show further coupling to the 
methylene protons (see Table XV). 

Owing to the geometry of these carbocyclic ring complexes, the two 
methylene protons are shielded to different extents. In the IR spectrum, one 
of these is seen to absorb at an anomalously low frequency for a C—H 
stretching mode, 2700-2800 cm”^ and it was shown that this same proton 
was associated with the more shielded of the two resonances attributed to the 
methylene protons. (148), These spectroscopic properties were tentatively 
assigned to the endo proton (nearer the metal atom). More recently, however, 
a single-crystal X-ray diffraction analysis of the related cyclopentadiene 
derivative containing a phenyl group substituted on the methylene carbon 
atom, (C 5 H 5 ^)CoC 5 H 5 , indicated a structure (XVIII) in which the phenyl 
group occupied the exo position with respect to the metal atom (62), This 





M 

(XVIII) 


derivative did not have an anomalously low C—H stretching frequency 
assigned to an endo proton on the methylene group, although it undoubtedly 
contained one. It is likely, therefore, that the present assignments of 



Nuclear Magnetic Resonance 


105 


stretching frequencies and chemical shifts of the methylene protons are 
reversed. It was proposed (62) that the assignment in other cyclopentadiene 
derivatives might be correct as originally given if the methylene group in 
these complexes were bent toward the metal, as in (XIX). However, from 
molecular models it can be seen that the disposition of the carbon orbitals 



(XIX) 


in (XIX) would be quite unfavorable for overlap with the metal orbitals and 
this structure can be considered as extremely unlikely. Neverthelesssufficient 
ambiguity remains at this time that assignment of methylene protons in 
these carbocyclic systems has been omitted in Table XV. 

Complexes of cyclohexadiene (XVI) or cycloheptadiene (XVII) have 
also been studied; the data for these are included in Table XV. The protons 
of the diene system form an A 2 B 2 pattern, with additional splitting (mainly 
of the resonance H^) arising from the methylene protons. Again, complete 
assignments for the methylene protons could not be made for these systems, 
since structural information is lacking. The same would apply to substituted 
cyclohexadiene complexes, such as bicyclo[4.2.0]octa-2,4-diene (XX) (see 
Table XV). It is not known whether the four-membered ring is fused endo 
or exo with respect to the position of the metal atom. Assignment of 
methylene and of methine proton resonances must therefore remain partly 
ambiguous. 




exo 


ir-(C8H|o)M 

(XX) 


endo 



106 


M. L MADDOX, S. L STAFFORD, and H. D. KAESZ 


Complexes such as 2,3-dimethylbutadiene-dicobalt hexacarbonyl contain 
a 7r-(C4)M system in which the protons of the original butadiene system 
have been replaced by alkyl group(s). These, and other examples of sub¬ 
stituted 7r-(C4)M derivatives are also listed in Table XV. The complexes of 
5,6-dimethylenebicyclo[2.2.1]heptene-2 (already mentioned under chelat¬ 
ing olefins, see Table XI) should also be considered here, as they contain the 
7r-(C4)M system in which a ring system has been fused into the positions 
occupied by Hg protons in the parent butadiene complex. 

The 7r-(C4)M system has also been observed in ring systems in which a 
rather simpler situation from the spectroscopic viewpoint exists than in the 
parent olefin. Two such examples are the complexes of cyclopentadienone 
(XXI) or the unusual binuclear complex obtained from an iron carbonyl 
and acetylene, C 4 H 4 *Fe 2 (CO )6 (XXII) (Table XV). The proton resonances 
in these complexes may be analyzed simply as A 2 B 2 systems. Details on the 
structures, especially the position of the protons in these complexes, is not 
yet known. 

Hb 

Ha 


7r-(C5H40)M (C 4 H 4 ) • Fe 2 (CO )6 

(XXI) (XXII) 

The complex of cyclooctatetraene-iron tricarbonyl shows only a single 
line in the proton spectrum (see Table XV). In this complex, a C 4 system of 
the ligand interacts with, the metal atom (9ffl), rather than two separate 
olefinic bonds, as in some of the chelating 7 r-(C 2 ) 2 M systems in complexes of 
cyclooctatetraene mentioned above. The single line spectrum observed for 
the protons is now believed to represent an averaged chemical shift arising 
from valence tautomerism of the Fe(CO )3 group around the olefinic ring 
(see section III, B, below). 

The complex C 8 H 8 Fe(CO )3 resists hydrogenation by the usual catalytic 
means. It may, however, be attacked by a proton, which converts it into a 
cationic derivative [discussed under 7r-(C5)M, below] and subsequently 





TABLE XVI 


Proton Resonances in Azulene, Substituted Azulenes, and their tt Complexes 


Rela¬ 

tive 

T Inten- Multi- J 

Compound [S(ch,) 4 SI — 10] sity plicity (cps) Remarks References 


CioHa, azulene 



H 4.6 

1.80 

(2) 

2 

A 5 ^ 6 . 7 :^ 8.8 

CCI 4 soln 22° ±r 

47 a 


H 2 

2.19 

(1) 

31 

1“ . 72 , 1 . 72,3 = 3.8 



1 8 ^ 

Hi. 3 

2.72 

(2) 

2 j 



He 

r 2.51 
12.7 

(1) 

31 

[ .76,5^6.7-9.5 



H 5.7 

2.97 

(2) 

2 

f y^, 5.76, 7 — 8.8 
U7.8^9.5 



CioH8Fe2(CO)5 








H 5.7 


4.64 

(2) 

— 

— 

CHCI 3 soln 

47 a 

H2,3,4 


4.12 

(3) 

— 

^8. 6 = 1.4 



Hs 


5.24 

(1) 

2x2 J8.7 = 5.8 



Hi 


6.30 

(1) 

3 

jl.2jl.3 = 2.1 



H* 

C 10 H 6 D 2 


6.52 

(1) 

3 

7 — 8.7 



H4,8 


1.80 

(2) 

— 

— 


47 a 



2.22 

(1) 

1 

— 



D on Cl and C 3 
Ha 


2.51 


3 






Remainder of spectrum as for azulene 
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TABLE XVI —continued 


Rela¬ 

tive 

T Inten- Multi- J 

Compound [5 (ch,) 4SI = 10] sity plicity (cps) Remarks References 


CioH6D2Fe2(CO)5 


H 5.7 

-4.66 

(~2) 

c 

Hz. 4 

-4.9 

(~2) 

— 

Hg 

4.77 

(1) 

2x2 

He 

'iiHio, 4-methylazulene 

6.54 

(1) 

3 

He 

1.90 

(1) 

2 

Hz 

2.30 

(1) 

3 

Hi, 3 

2.77 

(2) 

2x2 

CH 3 

7.31 

(3) 

1 


2.90 

— 

2 


3.04 

— 

— 

Hs.e,? ^ 

3.08 

_ 

_ 

3.18 

— 

— 


3.25 

— 

2 


3.36 

— 

— 


— 47 ® 

rj^8.7 = 5.8 

J^8.7 = 9.0 47® 

J'2.iJ'2.3 = 3.9 


1.7 


1.5 
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CiiHioFe2(CO)5 (mixture of isomers whose 4.55 " 

protons are designated H and HO 4.70 

4.73 

4.88 

4.92 I (10) 

5.03 

5.15 

5.24 

5.37^ 

Hi 6.13 (1) 

Hi' 6.34 (1) 



47 a 


For CHs in position 4 these peaks 
assigned to H 2 , 3 , 5 , 7 , 8 . For CH 3 
in position 8 assigned to H 2 , 3 , 4 , 5,7 


“ 3 ” 

2x2 


jl,3jl.2 = 2.2 
7 i ,2 = 2.8 
Ji.3 = 1.8 


“3”x 2 


rj5.6^6.7~7.9 
1.76 = 1.4 


2 


rj6.5j6.7i^7.2 
176 = 1.7 


2x2x2 74.5 = 1.3 


Neither Hi and Hi' or He and Ha' 
have been assigned to specific 
isomer 


3 

2x2 

1 

1 

1 


72.3 = 3.9 
7i.2 = 3.9 


47 a 


47 a 


c 


o 

o 
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Hi 

(CH3)8 

(CH3)6 

(CH3)4 

C 15 H 1 B, guaiazulene 



H 3 

H5 

CH(CH3)2 

CH3(4) 

CH3(1) 

CH(Ci/3)2 


6.15 (1) 

3,90 (3) 

8.24 (3) 

8.39 (3) 


1.93 (1) 

2.50 (1) 

2-80 (1) 

2.94 (1) 

3.21 (1) 

7.03 (1) 

7.29 (3) 

7.37 (3) 

8.69 (6) 


XVI —continued 


o 


Multi- y 

plicity (cps) Remarks References 


2x2 


1 

1 

2 


r7i.2 = 2.9 
Ui.3=1.9 

= 1.4 


2 

2 

2x2 

2 

2 

5 of 7 
1 
1 
2 


.78, 6 = 1.9 

72.3 = 3.9 
76,5=11.2 
76.8 = 1-8 

72.3 = 3.9 

75.6=11.2 
7cif(c//,), = 6.8 


47a 


6.8 
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Ci5Hi8Fe2(CO)5 Isomer B (see text) 
(CH(CH3)2 in position 7, CH 3 groups in 
1 and 4) 


H 5 

4.70 

( 1 ) 

2x4 

H 2 

4.90 

( 1 ) 

2 

H 3 

5,04 

( 1 ) 

2 

Hs 

5.33 

( 1 ) 

2 

He 

6.76 

( 1 ) 

2x2 

C//(CH3)2 

7.37 

( 1 ) 

5 of 7 

CH3(1) 

8.47 

(3) 

1 

CH3(4) 

8,51 

(3) 

2 

CH(C//3)2 

8.59 

(6) 

2 

Ci5Hi8Fe2(CO)5 Isomer A (see text) 
(CH(CH3)2 in position 5, CH 3 groups in 

3 and 8) 

H 7 

4.79 

(1) 

2 

H 4 

4.81 

(1) 

2? 

H 2 

4.98 

(1) 

2 

Hi 

6.26 

(1) 

2 

He 

6.92 

— 

— 

C//(CH3)2 

7.83 

(1) 

5 of 7 

CH3(3.8) 

7.90 

(6) 

1 

CH(Ci^3)2 

9.061 

(6) 

(2 


9.09 J 

{2 


f^5.6 = 8.9 47 a 

l^5-CH,(4) '^1.4 

^2,3 = 2.9 

78,6=1.8 

(76,5 = 8.9 

176. 8 = 2.0 56.4 and 40 Mc/sec 

7cff(Cff,), = 6.7 

7cff,-H(5) = 1.3 


77.6 — 8.5 4'Ja 

or ^^1.2 

- 72.1 = 2.8 

76. 4 = 1.6 

.76.7 = 8.5 
7cif(CHa). ~ 6.5 
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TABLE XVI —continued 




Rela- 








tive 







T 

Inten- 

Multi- 


j 



Compound [S(ch,)^si = 

10] sity 

plicity 


(cps) 

Remarks 

References 

CioHgCrCp 








Cp 

6.29 

5 

— 

— 



117 

H3,3' 

6.05 

2 

— 

— 



133 

Hs.e,? 

4.36 

3 

— 

— 




H 4.8 

3.83 

2 

— 

— 




H 2.3 j 

f 3.43 
[2.86 

1 

1 

— 

— 




CiaHisCrCp 

7.0 1 







Me4,6,8 

7.26 

. 9 

— 

— 



117 


7.11 J 







Cp 

6.37 

5 

— 

— 





6.2 

2 

— 

— 




H 5.7 

4.37 

— 

— 

— 




H 2.3 j 

r 3.4 

L2.65 

1 

«1 

— 

— 




CioHiiCrCp 








H2.2^ 

7.55 

2 

— 

— 



117 

Hi, l',3,3' 

6.58 

4 

— 

— 




Cp 

6.16 

5 

— 

— 




H4,5,6, 7,8 

4.37 

5 

— 

— 





® Taken from Burton, Pratt, and Wilkinson (47), The spectra were recorded at 22° ± 1° at 56.4 and 40 Mc/sec. The parent azulenes were 
measured in CCI 4 , and the complexes, in CHCI 3 , CDCI 3 , or CH2C12- 
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neutralized by hydride ion to yield C 8 HioFe(CO )3 {86), In this derivative, 
the olefin is believed to be bonded to the metal atom through a diene system, 
and no olefinic bonds remain in the ligand. There is evidence that at some 
stage of this “ionic hydrogenation” (protonation and subsequent hydride 
attack) that an olefin containing a bicyclic[5.1.0] system has formed (see 
Table XV). The principal NMR spectral evidence for the three-membered 
ring is the very highly shielded proton resonance (t = 10.61) which is 
characteristic of such systems, and the H-H coupling constants, see {379a), 
Azulene and various substituted azulenes will form complexes with metal 
carbonyls, such as (azulene) • Fe 2 (CO )5 {48), The data for a number of these 
are summarized in Table XVI. It seems likely that at least one of the two 
metal carbonyl groupings [the Fe(CO )3 group] is bonded to the olefin 
through a 7r-(C4)M system. For the other, the nature of the bond is still 
ambiguous. It is conceivable that a 7r-(C6)M system is attached to the 
Fe(CO )2 (XXIII) [this would fit the Effective Atomic Number (EAN) 
rule]. However, in view of the tendency of iron to bond to C 4 systems in 
olefin complexes, and the lack of any well-characterized 7 r-(C 6 )-Fe(CO )2 
complexes of iron, an alternative formulation might be preferable, one in 
which the Fe(CO )2 group is attached to a C 4 system (XXIV) within the 
seven-membered ring of azulene, and fulfills its EAN requirement by 
internal dative bonding from the other iron carbonyl group. There is prece¬ 
dent for this formulation in the complex C 4 H 4 *Fe 2 (CO) 6 . Of course still 
other structures are possible, such as one in which the Fe(CO )2 group is 




associated with the five-membered ring. The exact structure for these is not 
yet fully established. In theory, optical isomers of these azulene complexes 
should exist, but no resolution has yet been achieved. For the case of sub¬ 
stituted azulenes, both geometrical and optical isomers are possible, and 
separation into two isomers has been achieved for the methyl-substituted 
azulenes. These may be differentiated by their proton spectra (see Table 
XVI). 
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Olefin Complexes Containing the 7 t-{Cs)M System, The simplest example of 
this type of bonding system is the cyclopentadienyl ring (C 5 H 5 ) for which a 
single sharp resonance is usually observed near t = 5. A large number of 
transition metal derivatives are known which contain this 7r-bonded ring 
system/ The resonance data reported for these are summarized in Table 
XVIL The protons of such a ring appear, in general, to be magnetically 
equivalent; even when other groups around the metal tend to introduce 
asymmetry, rapid rotation about the metal to ring axis is probably respon¬ 
sible for smoothing out possible anisotropies in the shielding of the ring 
protons. 

The ring proton resonance can be split into multiplets by spin-spin 
coupling either with isotopes of the metal bonded to it (if 7^0) or with 
protons bonded to the metal. The splittings in the former case range from 
less than 1 cps, as in CsHsKhCsH^ (86), up to 18.5 cps, as in CsH 5 Pt(CO)I 
{132a). The splitting of ring protons by protons bonded to the metal have 
thus far been observed to be small, all on the order of 1 or 2 cps [cf. 
(C 5 H 5 ) 2 ReH or (C 5 H 5 ) 2 MoH 2 ]. 

A number of transition metal complexes contain the (C 5 H 5 ) group 
a-bonded to a metal atom whose NMR should consist of groups of resonances 
in the relative intensity ratios 1:2:2. This has been observed in a few cases, 
but often chemical exchange will give an averaged observed chemical shift 
for ( 7 -bonded cyclopentadienyl ring protons, as in (cr-C 5 H 5 )Fe(CO )2 
(tt-CsHs) or dicyclopentadienylmercury (see section III, B, below). Such an 
averaged resonance line usually appears at a little lower field than is normally 
expected for the single line of the tt-CsHs group. 

The electron spin densities at the ring protons have have been obtained 
from a measurement of the contact interaction shift for a number of para¬ 
magnetic metallocenes {242y 243) (Table XVII). This has also been discussed 
by Levy and Orgel {218). 

Substituents on the five-membered ring may complicate the proton 
resonance signal. It will not be possible to give a comprehensive coverage of 
this type of complex because the organic chemistry of ferrocene in which 
such substitutions are the main interest has by now grown to large propor¬ 
tions. Magnetic resonance data are given for a limited number of these in 
Table XVIII. 

There exists an interesting class of substituted ferrocenes in which the 
two cyclopentadienyl rings are bridged by the same substituent. In some of 

® See Volume 2 of Advances in Organometallic Chemistry^ chapter 7 by Birmingham. 



TABLE XVII 


Summary of Magnetic Resonance Data for Compounds Containing the 7T-C5H5 Group 


Compound 

5 

(ppm) 

T 

[S(Ch,)4 SI = 10 ] 

Rela¬ 

tive 

Inten- Multi- 
sity plicity 

j 

(cps) 

Remarks References 

Subgroup IV 

Cp2TiMe2 

1.5 

Cp - 4.2 

Me 10.3 

I I 

_ 

40 Mc/sec 

SCflHjMe == 0 

2S3 

Cp 2 TiMeCI 

— 

Cp 4.00 

Me 9.00 

— — 

— 

CsHe soln 

24 

Cp4Th 

— 

3.6 

— — 

— 

CDCI 3 

123 

Subgroup 

Cp 2 V (paramagnetic) 

-0.026% 

(at 3750 gauss) 

— 

— — 

— 

16 Mc/sec relative to 
protons in PhMe 

218, 

243 

[Cp2V(CO)2+][V(CO)6-] 

1.48 (CeHe) 

«4.11 

— — 

— 

Me 2 CO soln 

49 

CpzTaHa 

— 

Cp 5.24 

— — 

— 

56.45 Mc/sec 

142, 239 

Cp2TaH3 

— 

TaH3 13.02 

11.63 


9.6 

Jcp-Hg not obs 


Subgroup VI 

Cp 2 Cr (paramagnetic) 

-0.029% 

(at 3750 gauss) 

— 

— 


16 Mc/sec relative to 
protons in PhMe 

218, 

243 

CpCr(CO) 3 H 

3.1 (CeHsMe) 

« 5.8 

15.8 

— — 

— 

40 Mc/sec 

283 

CpCr(NO) 2 Me 

2,6 

(CeHsMe) 

Cpw5.3 

Me « 9.6 

— — 

— 

40 Mc/sec 

348 
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TABLE ^VU--c(mtinued 


Rela¬ 

tive 


Compound 

s 

(ppm) 

T 

[8 <ch,);si = 10 ] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

CpCKNOhl 


4.24 

— 

— 

— 


199a 

CpCt<NO)2(f7-C5H5) 

0.0 (H 2 O) 

Cp « 4.6 

— 

— 

— 

40 Mc/sec 

348 

[CpCr<NO) 2]2 

— 

4.82 

— 

— 

— 


199a 

CpCt<NO)2(a-C5H5) 

1.8 (CeHsMe) 

Cp a 4.5 

— 

— 

— 


283 



(a-C5H5)«3.2 

— 

— 

— 



CpCr(C7H6Me) 

— 

6.83 

— 

— 

— 


116 

CpCKCtH?) 

— 

6.28 

— 

— 

— 

CS 2 soln 

198 



6.38 

— 

— 

— 

CsHe soln 

197 

CpCr<C7H7) 

— 

6.90 

— 

— 

_ 

CeDs soln 

115 

CpCrCioHii 

— 

6.16 

— 

— 

— 


117 

CpCrCisHis 

— 

6.37 

— 

— 

— 


117 

CpCrCioHo 

— 

6.29 

— 

— 

— 


117 








133 

CpCr(CO)2(C5H7) 

— 

4.7 


— 

— 

60 Mc/sec for C 5 H 7 

132 







See Table XIV 


CP 2 M 0 H 2 

— 

Cp 5.64 

— 

3 

0.96 


142 



H 2 18.76 

— 

— 

— 



CP 2 M 0 H 3 + 

— 

Cp 4.38 

— 

— 

— 


142 



Hs 16.08 

— 

— 

— 



CpMo(a-C5H5)3 

2.87 (CfiHe) 

Cp « 5.5 

— 

— 

— 


119 


3.4, 6.0 

C5H5«6.0, 8.6 

— 

— 

— 



CpMo(CO) 3 H 

2.5 (toluene) 

Cp « 5.4 

— 

— 

— 

40 Mc/sec 

283 



H«15.5 

— 

— 

— 



CpMo(CO) 3 Me 

2.6 (toluene) 

Cp w 5.3 

— 

— 

— 

40 Mc/sec 

283 



Me w 9.6 

— 

— 

— 
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CpMo(CO)sC 2 Hs 

-0,7 (H 2 O) 

Cp « 5.3 

CpMo(CO) 3 Et 

2.5 (toluene) 

Cp w 5.2 
Et«8.7 

CpMo(CO) 3 i-Pr 

2.5 (toluene) 

Cp « 5.2 

Me « 8.2 

[CpMo(CO) 2 SMe ]2 

— 

Cp 4.53, 4.70 
Me 8.13, 8.18 

CpMo(CO)2C7H7 

— 

Cp 5.21 

C 7 H 7 4.93 

[CpMo(SMe) 2]2 

— 

Cp 4.43 

Me 8.74 

CpMo(CO) 3 COEt 


Cp 5.41 

CH 2 7.82 

CH 3 8.98 

CpMo(CO)3<7-C3H5 

— 

Cp 4.89 

CpMo(CO)27r-C3H5 

— 

Cp 5.26 

[CpMo(CO)3C3He]PF6 

— 

4.05 

[CpMo(CO)3C3H5D]PF6 

— 

4.05 

CpMo02Cl 

— 

3.40 

[CpMo(CO) 2 AsMe 2]2 

— 

Cp 4.69 

Me 8.46 

[CpMo(CO) 3 ] 2 Hg 

— 

4.57 

[CpMo(CO) 2 PMe 2]2 

— 

Cp 4.73 

Me 8.33 

[Cp2Mo2(CO)4H]PMe2 


Cp 5.31 

Me 8.38 

H 21.73 

[CpMo(CO) 3 ] 2 H+ 

— 

Cp 4.28 

H 30.99 

[Cp 2 MoW(CO) 6 ]H+ 


Cp « 4.20 

H 32.88 


— 

— 

— 

C 6 H 12 soln 

348 

— 

— 

— 

40 Mc/sec 

283 

— 

— 

— 

40 Mc/sec 

283 

— 

— 

— 


358 

5 

— 

— 

CS 2 

197 

1 


— 


191 

— 

— 

— 


240 

— 

— 

— 

Neat liquid 

69 

— 

— 

— 

CeHeH- CS 2 

69 

— 

— 

— 

Liq. SO 2 

69 

— 

— 

— 

Liq. SO 2 

69 

— 

— 

— 

CS 2 

69 

— 

— 

— 


161 

_ 

_ 

_ 

CHCI 3 

161 

— 

3 

0.8 

CDCI 3 

161 

— 

3 

4.5 



10 

2 

0.3 

CeHfl 

161 

6 

2 x2 

9.9 



— 

2 

36.6 



— 

— 

— 

98% H 2 SO 4 

86 

— 

— 

— 

56.45 Mc/sec 


— 

— 

J^WH = 38 

98% H 2 SO 4 

86 

— 

— 

— 

56.45 Mc/sec 
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TABLE yiVll^ontinued 


00 


Rela¬ 

tive 


Compound 

S 

(ppm) 

T 

[5(CH,)4Si = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks References 

Gp!5WH2 

_ 

Cp 5.76 

_ 

3 

0.75 


142 



H 2 22.28 

— 

— 

— 



CP 2 WH 3 + 

— 

Cp 4.39 

— 

— 

— 





H(A2B) 16.44, 16.08 

— 

— 

8.5 


142 

CpW(CO)3H 

2.4 (toluene) 

Cp«5.1 

— 

— 

— 

40 Mc/sec 

283 



H 17.4 

,— 

— 

— 



CpW(CO)3H2+ 

— 

Cp 4.03 

— 

— 

— 

56.45 Mc/sec 

86 



H 11.93 


— 

— 

BF 3 • H 2 O—CF 3 COOH 


[CpW(CO)3]2H+ 

— 

Cp 4.20 

— 

— 

— 

H 2 SO 4 ; 56.45 Mc/sec 

86 



H 34.77 

— 

— 

38.6 



[CpW(CO)3]2H+PF6- 

— 

Cp 4.10 

— 

— 

— 

56.45 Mc/sec 

86 



H34.8 

— 

— 

— 

Liq. SO 2 


[CpW(CO)3]2HgH+ 

— 

Cp 3.99 

— 

— 

— 

56.45 Mc/sec 

86 



H 11.95 

— 

— 

— 

BF3'H20 


[CpW(CO) 2 SMe ]2 

— 

Cp 4.51 

5 

— 

— 


358 



Me 8.11 

3 

— 

— 



CpW(CO)3COEt 


Cp 5.41 

— 

— 

— 


240 



CH 2 7.82 

— 







CH 3 8.98 

— 

— 

— 



CpW(CO)3(T-C3H5 

— 

4.75 

— 

— 

— 

CflHi2 

150 

CpW(CO)27r-C3H5 

— 

5.37 

— 

— 

— 

CflHe 

150 

[CpW(CO)3C3H6]PF6 

— 

4.01 


— 

— 


150 

CpW(CO) 3 i-Pr 

— 

Cp 5.41 

— 

— 

— 

CeHe 

150 

[CpW(CO) 2 PMe 2]2 

— 

Cp 4.61 


3 

0.4 


161 



Me 8.13 

— 

3 

4.4 
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CpW(CO) 3 Me 

2.5 (toluene) 

Cp « 5.2 
Me « 9.7 

CpW(CO)3Et 

2.5 (toluene) 

Cp « 5.2 
Eta 8.5 

CpW(CO)3CF2CF2H 

— 

Cp 4.37 
H4.71 

Subgroup VII 



Cp 2 Mn (paramagnetic) 

+0.012% 

(at 3750 gauss) 

— 

CpMn(CO)3 

-0.65 (H 2 O) 

a 5.3 

CpMn(CO)3 

3.1 (toluene) 

a 5.8 

[CpMn(CO) 2 NO]PF 6 

— 

3.86 

[CpMnCO(NO )]2 

— 

a 5.0 



a 5.6 

Cp6Mn6(NO)8 

— 

4.94 

CpMn(NO)3MnCpa-C5H5 

— 

Cp 4.7 
a-CsHs 5.6 

CpMn(C7H8)(CO)2 

— 

6.61 

CpMn(CO)2(CCF3)2 

— 

5.2 

[CpMnCTHeMeJPFe 

— 

5.61 

(Cp2Tc)2 

— 

5.61 

[Cp2Tc]2H+ 

— 

4.60 

Cp2ReH 

3.1 (toluene) 

Cp a 5.8 

H 23.2 

Cp2ReH 

1.1 (H 2 O) 

Cp a 6 

H a 23.5 

Cp2ReH 

— 

Cp 5.69 
H23.4 

Cp2ReD 

1.1 (H 2 O) 

a 6 


— 

— 

— 

40 Mc/sec 

283 

— 

— 

— 

40 Mc/sec 

283 

— 

— 

— 


358 

— 

— 

— 

16 Mc/sec, relative to 
toluene 


— 

— 

— 

40 Mc/sec, C 6 H 12 

348 

— 

— 

— 

40 Mc/sec 

283 

— 

— 

— 

Me 2 CO 

199 

— 

— 

— 

CCI 4 

199 

— 

— 

— 

CeHe 


— 

— 

— 

ecu 

199 

— 

— 

— 

Broad resonances 

199 

— 

— 

— 


131a 

— 

— 

■— 


32 

— 

— 

— 


116 

— 

— 

— 

40 Mc/sec 

THF + toluene 

177 

— 

— 

— 

40 Mc/sec, THF/H 2 O 1 77 

No high-field resonance obsd 

— 

— 

— 

40 Mc/sec 

283,375 

— 

2 

1.05 

CeHe or CS 2 

147 

— 

— 

— 

40 Mc/sec 


— 

2 

1.17 

40 Mc/sec 

177 

— 

— 

— 

Toluene 


— 

— 

— 

40 Mc/sec, CeHe 

147 
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TABLE XVII —continued 


Rela¬ 

tive 


Compound 

8 

(ppm) 

T 

[5(ch8)^si = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 


j 

(cps) 

Remarks 

References 

Cp2ReH2+Cl- 

-0.8 (H 2 O) 

Cp w 4.4 

_ 

_ 

_ 


H 2 O 

147 



H 2 23.7 

— 

— 

— 




Cp2ReH2+Cl- 

— 

Cp 4.54 

— 

3 

— 


H 2 O/THF, 40 Mc/scc 1 77 



H 2 23.9 

— 

— 

— 




Cp2ReD2+Cl- 

0.8 (H 2 O) 

w 6.0 

— 

— 

— 


40 Mc/sec 

147 

CpRe(CO)2(C5H6) 

— 

4.4 

— 

— 

— 



148,152 

CpRe(CO)2(C5H8) 

— 

3.9 

— 

— 

— 



148,152 

Subgroup VIII 









Cp2Fe 

-1.2(H20) 

w5.8 

— 

— 

— 


40 Mc/sec, C 6 H 12 

348 

Cp2Fe 

3.200 (CeHo) 

w5.9 

— 

— 

— 


60 Mc/sec, THF 

129 

Cp2Fe 


6.00 

— 

— 

— 


10% in CsHb 

302 

Cp2Fe 


5.85 

— 

— 



10% in CDCI 3 

302 

Cp2Fe 


5.86 

— 

— 

— 


10% in CDCI 3 

296 

Cp2Fe 

3.1 (toluene) 

w5.8 

— 

— 

— 


40 Mc/sec 

283 

Cp2Fe 


5.958 

— 

— 

— 


CCI 4 

354 

Cp 2 FeH+ 


Cp 4,99 

— 

2 

1.2 



76 



H 12.07 

— 

— 

— 






(broad) 







[CpFe(CO) 2 ] 2 H+ 

— 

Cp 4.76 

— 

— 

— 


Several solvents 

86 



H 36.30 

— 

1 

— 


56.45 Mc/sec 


CpFe(CO) 2 Me 

3.0 (toluene) 

Cp w 5.7 

— 

— 

— 


40 Mc/sec 

283 



Me w 9.9 

— 

— 

— 




CpFe(CO)2(a-C5H5) 

2.1 (toluene) 

Cp w 4.8 

— 

— 

— 


40 Mc/sec 

283 

CpFe(CO)2(a-C5H5) 

-0.3 (H 2 O) 

Cp « 4.9 

— 

— 

*— 



348 
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CpFe(CO)2<7-C3H5 — 

5.45 

— 

— 

— 

40 Mc/sec 

143 






tc,h, = 7.93, 5.31, 3.84 

143 

CpFe(CO)2<7-C3H3 — 

Cp 5.10 

— 

— 

— 


17 


C 3 H 3 8.2 

— 

— 

— 



[CpFe(CO)2C3H4]+SbCl6- — 

4.02 

— 

— 

— 

Other band at 7,65-7.75 

17 

[CpFe(CO) 2 (CH 2 ) 2]2 — 

Cp 5.16 

5 

— 

— 


192 


CH 2 7.17 

4 

3 

— 




CH 2 8.64 

4 

5 

— 



[CpFe(CO)2]2(CH2)3 — 

Cp 5.18 

10 

1 

— 


192 


CH 2 7.17 

4 

3 

7 




CH 2 8.42 

2 

5 

— 



CpFe(CO) 2 (CH 2 ) 3 COFe(CO) 2 Cp — 

Cp(a) 5.27 

5 

— 

— 


192 

(a) (b) ^ 

Cp(b) 5.17 

5 

— 

— 




CH 2 7.09 

2 

3 

— 




CH 2 8.61 

4 

M 

— 



CpFe(CO) 2 COMe — 

Cp 5.13 

5 

— 

— 


192 


Me 7.53 

3 

— 

— 



CpFe(CO) 2 CONMe 2 — 

Cp 5.12 

5 

— 

— 


192 


Me 7.02 

6 

— 

— 



CpFe(CO) 2 CONEt 2 — 

Cp 5.15 

5 

— 

— 


192 


CH 2 6.57 

4 

7 

— 




CH 3 8.91 

6 

— 

— 



CpFeC4H4N — 

Cp 5.85 

5 

— 

— 


199a 


CH 4.74 

2 

— 

— 




CH 5.55 

2 


— 



CpFe(CO) 2 COEt — 

Cp 5.56 

— 

— 

— 


240 


CH 2 7.28 

— 

— 

— 




CH 3 9.10 


— 

— 



[CpFe(CO)2]CO(CF2)3CO[(Co)2FeCp] 

5.04 

— 

— 

— 


192 

[CpFe(CO)2(7-C5H5]PFfl 

4.41 

— 

— 

— 


146 

CpFeC 5 H 4 HgCI 

5.55 

— 

— 

— 

o.C6H4Cl2,94°C 

295 


5.94 

— 

— 

— 

Ph20, 94° C 
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TABLE lCJll--continued 


Compound 


8 

(ppm) 

T 

[8(ch,)4SI = 10] 

Rela¬ 

tive 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

[CpFeCsHJzHg 



5.37 

_ 

_ 

_ 

o-C6H4Cl2,94°C 

295 




5.82 

— 

— 

— 

Ph20, 94° C 





5.90 

— 

— 

— 

PhN02, 94° C 


CpFeC5H4l 

— 


5,92 

— 

— 

— 

CDCls 

295 

CpFeC5H4C02Me 

— 


5.81 

— 

— 

— 

CDCls 

295 

[CpFeC5H4]2 

— 


6.03 

— 

— 

— 


138 

CpFe(CO) 2 Et 

— 


5.40 

— 

— 

— 

Neat liquid 

144 

CpFe(CO) 2 n-Pr 

— 


5.41 

— 

— 

— 

Neat liquid 

144 

CpFe(CO) 2 i-Pr 

— 


5.42 

— 

— 

— 

Neat liquid 

144 

CpFe(CO) 2 CDMe 2 

— 


5.41 

— 

— 

— 

Neat liquid 

144 

CpFeC5H4Me 

— 


6.03 

— 

— 

— 

10% in CeHe 

302 

CpFeC5H4COMe 

— 


5.82 

— 

— 

— 

10% in CDCb 

296 

CpFeC5H4COPh 

— 


5.42 

— 

— 

— 

10% in CDCb 

296 

/raw-[CpFe(CO)AsMe 2]2 

— 


Cp 5.90 

— 

— 

— 


162 




Me 8.65 

— 

— 

— 



«s-[CpFe(CO)AsMe 2]2 

— 


Cp 5.93 

— 

— 

— 


162 




Me 8.54, 8.77 

— 

— 

— 



traw-[CpFe(CO)PMe 2]2 

— 


Cp 5.84 

5 

3 

1.1 


162 




Me 8.44 

6 

3 

5.4 



m-[CpFe(CO)PMe 2]2 

— 


Cp 5.85 

5 

3 

1.0 


162 




Me 8.30, 8.53 

3,3 

3 

5.3, 5.9 



Cp2Fe2(CO)2HPMe2 

— 


Cp 5.64 


— 

1.2 


162 




Me 8.01, 8.20 

— 

— 

6.5 






H 28.73 

— 

— 

43.5 
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/r«m-[CpFe(CO)PPh 2]2 — Cp 6.13 

Ph 2.45, 2.8 

cw-[CpFe(CO)PPh 2]2 — Cp6.01 

Ph 2.7 

Cp2Fe2(CO)2HPPh2 — Cp 5.80 

Ph 2.5, 2.83 
H 28.67 

[CpFe(C0)2(C2H3Me)]+C104“ — 4.65 

[CpFe(C0)2(C2H3CH2D)]+C104- — 4.38 

[CpFe(C0)2(C2H3Et)]+C104“ — 4.36 

[CpFe(C0)2(C2H3C2H4D)]+C104-— 4.41 

[CpFe(CO)SMe ]2 — 5.77 

CpFe(CO)(7r-C3H5) — 5.94 

CpFeCeH? — 5.93 

CpFeCeHeD — 5.82 

CpFe(C6H6C6H5) — 5.7 

1,1-Diferrocenylethane — 5.86 

2,3-Diferrocenyl-2,3-dimethyl‘- — 5.94 

butane 

[CpFeMn(CO) 7 ]H+ — Cp 4.68 

H 38.07 

[CpFeMn(CO)7]D+PF6- — 4.55 

Cp 2 Ru 2.7 (toluene) «5.4 

Cp2Ru 2.805 (CeHe) «5.4 

Cp2Ru — 5.958 

Cp2Ru — 5.45 

CpRu(CO) 2 COEt — Cp 4.69 

CH2 7.80 
CH3 8.99 

CpRuC5H4COMe — 5.42 

CpRuC5H4COPh — 5.39 


— 

3 

1.2 


162 

— 

3 

1.0 


162 

— 

2 

1.3 


162 

_ 

2 

41.0 



— 

— 

— 

40 Mc/sec, liq. SO 2 

143 

— 

— 


40 Mc/sec, liq. SO 2 

143 

— 

— 

— 

40 Mc/sec, liq. SO 2 

143 

— 

— 

__ 

40 Mc/sec, liq. SO 2 

143 

— 

— 

— 

TBie = 8.68 

205 

— 

— 

— 

40 Mc/sec 

143 

— 

— 

— 

56.45 Mc/sec 

181 




Benzene soln 


— 

— 

— 

56.45 Mc/sec CCI 4 soln 

181 

— 

— 

— 

56.45 Mc/sec CCI 4 soln 

181 

— 

— 

— 


304 


— 

— 


304 

— 

— 

— 

56.45 Mc/sec 

86 


1 

— 

H 2 SO 4 soln 


— 

— 

— 

56,45 Mc/sec, liq. SO 2 

86 

— 

— 

— 

40 Mc/sec, CeHia 

283 

— 

— 

— 

60 Mc/sec, C 4 H 8 O 

129 

— 

— 

— 

CCI 4 

356 

— 

— 

— 

10% in CDCI 3 

296 

— 

— 

— 


240 

— 

— 

— 

10% in CDCI 3 

296 


— 

— 

10 % in CDCI 3 

296 
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TABLE 


Compound 


S T 

(ppm) [ 8 (Ch,) 4 S 1 


CpRuC 5 H 3 (COPh )2 

Cp2RuH+ 

[Cp 2 Ru(CO) 2 ]H+ 

Cp20s 

Cp208 

Cp20s 

CpOsC5H4COMe 
Cp08C5H4C0Ph 
[CpOs(CO)2]2 
Cp2Co (paramagnetic) 

CpCoCsHe 

CpCoCgHio 

CpCoCsHg 


CpCoBr(C 8 H 5 ) 

CpCoI(CsHb) 

CpCoCsHsD 

CpCo(C5H5Me) 

CpCo(C5H5CCl3) 


— 5.23 

— Cp 4.67 
H 17.2 

— Cp 4.48 
H 28.58 

— 5.29 
2.696 (CeHe) « 5.3 

— 5.30 

— 5.21 

— 5.18 

— 4.7 

+ 0.004% — 

(at 3750 gauss) 

— 5.41 

— 5.34 

— 5.3 
5.8 
5.33 
5.3 

— 4.06 

— 3.93 

— 5.41 

— 5.39 

— 5.25 


rontinued 


Rela¬ 

tive 

Inten- Multi- J 


sity 

plicity 

(cps) 

Remarks References 

_ 

_ 

_ 

10% in CDCls 

296 

— 

— 

— 

BF 3 -H 20 soln 

76 

— 

— 

— 

40 Mc/sec 


— 

— 

— 

56.45 Mc/sec 

86 

_ 

_ 

_ 

CDCb 

354 

— 

— 

— 

THF 

129 

— 

— 

— 

10% in CDCla 

296 

— 

— 

— 

10% in CDCI 3 

296 

— 

— 

— 

10% in CDCI 3 

296 

— 

— 

— 

£t 20 soln 

114 

— 

— 

— 

16 Mc/sec relative to 

243 




toluene 

218 

— 

— 

— 

40 and 60 Mc/sec 

148 

— 

— 

— 


247 

— 

— 

— 

CCI 4 

87 

— 

— 

— 

CDCI 3 

131 

— 

— 

— 

CS 2 , 40 Mc/sec 

204 

— 

— 

— 

CCI 4 , 56.45 Mc/sec 

86 

— 

— 

— 


166 

— 

— 

— 


166 

— 

— 

— 

40 Mc/sec 

148 

— 

— 

— 

40 Mc/sec 

148 

— 

— 

— 

40 Mc/sec 

148 
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CpCo(C5H5CHCl2) 

— 

5.25 

— 

— 

— 

40 Mc/sec 

148 

(CpCo)2C2F4 

— 

4.62 


— 

— 


173 

(Cp2Co)2C5H4 

— 

5,27 

— 

— 

— 


131 

CpCo(C6H6C9H7) 


5.3 

— 

— 

— 


131 

CpCoCaHs 

— 

5.37 

— 

— 

— 


204 

(CpCo) 2 C 8 H 8 

— 

5.38 

— 

— 

— 

CS 2 , 60 Mc/sec 

204 

CpCoC8Hio 

— 

5.55 

— 

— 

— 

CS 2 , 60 Mc/sec 

204 

CpCo(Cl4Hl4F6) 

— 

5.37 

— 

— 


60 Mc/sec 

190 

CpCo(CO )2 

— 

5.08 

— 

— 

— 

40 and 56.45 Mc/sec 

70 

[CpCoSMe ]2 

— 

Cp 5.18 

— 

— 

— 

60 Mc/sec 

205 



Me 7.48 


— 

— 



CpCo(CO)C4F 8 

— 

4.57 

— 

— 

— 

CDCI 3 , 60 Mc/sec 

70 

CpCo(CO)(C3H7)I 

— 

4.35 

— 

— 

— 

40 and 56.45 Mc/sec 

70 

Cp2RhC8H8 

— 

4.85 

— 

— 

J^hcp = 0.71 

56.45 Mc/sec 

86 

Cp2RhC8H8 

— 

5.19 

— 

— 

— 


33a 

Cp2RhC8H8 

— 

4.85 

— 

— 

jBhH=0.71 

CCI 4 

87 

CpRhCl-fxo-CsHsPh) 

— 

4.81 

— 

2 

— 

CCI 4 soln 

13 

[CpRh(C5H4Ph)]l3 

— 

4.04 

— 

2 

— 

Me 2 CO soln 

13 

CpRh(l-exo-C5H5C5H5) 

— 

4.96 

— 

2 

— 

CeDe 

13 

CpRh(C2H4)2 

— 

4.92 

— 


— 


193 

CpRhCsHe 

— 

4.87 

— 

— 

J^hCp = 1.0 

40 and 60 Mc/sec 

86 

CpIr(CO )2 

— 

5.81 

— 

— 

— 

CaHfi 

118 

Cp 2 Ni (paramagnetic) 

+ 0.032% 

— 

— 

— 

— 

16 Mc/sec relative to 

218, 


(at 3750 gauss) 





toluene 

242 

CpNiCsHs 

— 

4.21 

— 

— 

— 


238 

CpNiC5H7 

— 

4.78 

— 

— 

— 


99 



4.72 

— 

— 

— 


125 

CpNiCiaHi? 

— 

5.06 

— 

— 

— 


193 

[CpNiPPh2]2 

— 

Cp 5.16 

— 

3 

0.6 

CDCI 3 

161 



Ph 2.2, 2.75 

— 

— 

— 



[CpNiPMe 2]2 


Cp 5.13 

5 

1 

— 


161 



Me 8.67 

6 

3 

6.6 
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TABLE yiWll^continued 


Rela. 

tive 


Compound 

h 

(ppm) 

T 

[5(ch,)4SI = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

Remarks 

References 

[CpNiAsMe 2]2 

_ 

Cp 5.10 

5 

_ 

— 



161 



Me 8.79 

6 

— 

— 




CpNiC7H5F4 

— 

4.75 


— 

— 



235 

CpNiCTHsFsCl 

— 

4.78 

— 

— 

— 



235 

CpNiCiiHiiOa 

— 

4.76 

— 

— 

— 



98 

CpNiCisHi? 

— 

4.95 

— 

— 

— 



193 

CpNiNO 

2.2 (toluene) 

4.9 

— 

— 

— 

40 Mc/sec 


283 

CpNiNO 

-0-4 (H 2 O) 

« 5.0 

— 

— 

— 

CeHe soln 


348 

CpPdCsHs 

— 

4.14 

— 

— 

— 



337 

CpPdCsHs 

— 

3.5 

— 

— 

— 



238 

CpPdCeHe 

— 

4.35 

— 

— 

— 



337 

CpPd(C3H4CMe20Me) 

— 

4.38 

— 


— 

CCI 4 soln 


306 

CpPd(C4H6CMe20Me) 

— 

4.40 

— 


— 

ecu soln 


306 

CpPd(C4H6CH20Me) 

— 

4.45 

— 

— 

— 

CCI 4 soln 


306 

CpPd(Me2C3H2CMe20Me) 

— 

4.50 

— 

— 

— 

ecu soln 


306 

CpPd(C4H6CH: CMe2) 

— 

4.51 

— 

— 

— 

ecu soln 


306 

CpPtC3H5 

— 

4.25 

— 

— 

II 

a 

4 



337 

CpPt(CO)I 

— 

4.87 

— 

— 

18.5 



132a 

(CpPtCO )2 

— 

Cp 4.50 

— 

— 

6,13.7 

and JpiptH 


132a 

CpFe(CO)2a-C4H7 

— 

5.44 

— 

— 

— 

40 Mc/sec 


143 







TC 4 H, = 8.43, 7.88, 4,57 


CpFeCgH? 

— 

6.38 

— 

— 

— 



199a 

CpFeCgHii 

— 

6.16 

— 


— 



199a 
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TABLE XVIII 


Summary of Magnetic Resonance Data for Substituted tt-Cyclopentadienyl Derivatives, Miscellaneous Other Complexes 

Containing the 7r-(C5)M System, and Some of the Free Olefins 




Rela- 







tive 






T 

Inten- 

Multi- 

j 



Compound 

[S<ch3),si = 10] 

sity 

plicity 

(cps) 

Remarks 

References 

C 5 H 5 CH 3 , methycyclopentadiene® 







CH 3 

-8.0 

— 

— 

— 

40 Mc/sec 

348 

^CH 

-3.5 

— 

— 

— 

ShjO = 0 


CHCH 3 

(C5H4CH3)2Fe» 

-7.2 




* ScaHia =3.9 

348 

CH 3 

-8.0 

— 

— 

— 



C 5 H 4 

(C5H4CH3)2Fe" 

-6.0 






CH 3 

-8.1 

— 

— 

— 

SCfli/iCH, = 0 

283 

C 5 H 4 

(C5H4CH3)Mn(CO)3'* 

-5.7 






CH 3 

-8.1 

— 

— 

— 

40 Mc/sec 

348 

C 5 H 4 

-5.5 

— 

— 

— 

SHgO = 0 

Sc.Hjs = 3.9 


(C5H4CH3)Ni(C5H6CH3) 







CH 3 

7.99 

— 

— 

— 

For (CsHeCHs) group 

see 125 

C 5 H 4 

1 , 1 -Diferrocenyle thane 

4.90 

— 

— 


Table XV 


(C5H5FeC5H4)2CHCH3 

C 5 H 5 I 

C 5 H 4 J 

5.86 

— 

— 

— 


304 

^CH 

6.58 

— 

— 

— 



CH 3 

8.86 

— 

— 

— 
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C 5 H 4 


r5.97 

16.06 


XVIII —continued 


10 

00 


Rela¬ 

tive 

Inten- Multi- y 

10] sity plicity (cps) Remarks References 


— 1 — 303 

— 1 — 

— 1 — 



303 



303 



CDCI 3 , 60 Mc/sec 

303 


310 


309 

60 Me /sec 

309 
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1 


303 


— 

I 

_ 

CDCI 3 soln, 60 Mc/sec 

309 




CDCI 3 soln, 60 Mc/sec 

309 

— 

b 

— 




(1) 

— 

— 

This compound may also 

132 

(3) 

— 

— 

exist in isomeric form, as 


(2) 

— 

— 

(C 6 H 8 ) 2 Mo(CO) 2 ;see 


(6) 

— 

— 

Table XV 


(4) 

— 

— 



(1) 

3x3 

Jab =5.1 

CeHg soln; 40 and 56.45 

378 



Jac = 1.2 

Mc/sec; also observed in 

379 

(2) 

-3 

Jbc = 6.5 

CeHia, CCI4, CHCI3, 


(3) 

c 

— 

(CH3)2C0, and {CH3)2SO solns 

(2) 

AB 

Jab = 11 



pair 



Same 

as band for Ha in C6H7Mn(CO)3 

379 

(2) 

3 

•^“>1-5 5 

Other unassigned bands also 




reported 
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TABLE XYlll—continued 


o 


Rela¬ 

tive 



T 

Inten¬ 

Multi¬ 

y 



Compound p.p.m. [5 (ch,),si = 10] 

sity 

plicity 

(cps) 

Remarks 

References 

C6H7Fe(CO)3BF4 







Ha 

2.66 

(1) 

3 

= 5.5 

SO 2 soln 

181 

Hb 

4.08 

(2) 

2x2 

3^c = 6.0 



He 

5.66 

(2) 

2x2 

— 



1 

1 7.09 

(1) 

3x2 

^CHa, AB pair 



^ \H I 

[6.86 



.7ab = 15.0 
.7ac = 6.5 




f 7.85 

(1) 

— 

— 



^ 1 

CeHTFeCsHs 

[8.11 






Ha 

4.31 

(1) 

3x3 

J^ab = 5.6 

56.45 Mc/sec 

181 





y&c = 1.5 

CeHe soln 


C 5 H 5 1 

1-5.93 

(7) 





Hb J 

— 

— 



>CH2 1 

j- 7.46, 8.4 

(4) 

c 

^CHa, AB pair 



He J 

CeHeDFeCsHs 


Jab = 12.0 





Ha 

4.01 

(1) 

3 

II 

bo 

56.45 Mc/sec 

181 

C 5 H 5 1 

1-5.82 






Hb J 

(7) 

— 

— 

ecu soln 


He ] 

1 






^HD J 

1= 7.46 to 8.7 

(3) 

c 

— 
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(C6H7)2Ru 

Ha 

Hb 

He 

CH2 

CeHTReCeHe 

Ha 

Hb 

CeHe 

-^\Hb 

He 

\P^Ha 

Substituted Cyclohexadienyl complexes 

(C6H6<A)FeC5H5 


Ha 

C5H5 

Hb 

CH<A 

He 

(CeHe* ^) 2 Ru 

4> 

Ha 

Hb 

CH<A 

He 


4,91 

5.63 

7.00 

7.09 


4.13 
5.10 
5.35 
r 5.96 
16.00 
6.81 

j7.48 



4.2 


{5.7 

6.51 

7.27 

3.0 

4.77 

5.37 

r6.6 

] to 
5.98 


(1) 

3 

.7aD = 5.0 

CeHe soln 181 

(2) 

2 x2 

— 

This compound may also 

(4) 

— 

— 

exist in isomeric form, as 
CeHeRuCeHe; see Tables XV 
and XIX 

(1) 

3 

.7al, = 5 

181 

(2) 

2 x2 

.7t)c=5 


(6) 

— 

— 


(1) 

AB 

pair 

%^ = n.5 


(2) 

2 x2 

.7bc = 6 


(2) 


Jbc = 5.5 



(5) 

2 

— 

56.45 Mc/sec 

181 

4 

— 

CCI 4 soln 


(1) 


.7ab = 5.0 



(7) 

— 

— 



(1) 

3 

.7ch<^-Hc = 6.5 



(2) 

3 




(5) 

— 

— 

56.45 Mc/sec 

181 

(1) 

3 

Jab = 5.0 

CCI 4 soln 


(2) 

»3„ 

Jbe = 5.3 



(3) 

c 

— 
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TABLE 


Rela¬ 

tive 

T Inten- 

Compound [5(CH,)4Si = 10] sity 


(C6H6-^)Mn(CO)3 


1 

p.75 1 


* 1 

to 

[ 3.35 J 

(5) 

Ha 

4.33 

(1) 

Hb 

5.18 

(2) 

CH^ 

6.27 

(1) 

He 

(C6H6CH3)Mn(CO)3 

6.61 

(2) 

Ha 

4.89 

— 

(CH3)b 

8-9 

— 

He 

4.16 

— 

Ha' 

4,96 

— 

Hb' 

[C6H3-(CH3)4]Mn(CO)3 

5.57 




(CH 3 ), 


(CH 3 ), 

Hb 

(CH 3 ), 


(■4.95 

15.8 

7.7 


'.ontinued 


w 


Multi- J 

plicity (cps) Remarks 


56,45 Mc/sec 181 

c ' CCL soln 

3 Jab = 7.5 

Jbc = 9,5 
5.5 

3 — Two main isomers among 377 

— — several other products detected 



56.45 and 40 Mc/sec 
Spectrum poorly resolved 
CsHe soln 


377 
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(C6H(CH3)6)Mn(CO)3 

(CH3)a 

(CH3)b 

(CH 3 )c 

yCH(CUz) 

Seven-Membered Rings 
C7H7Fe(CO)+3 
(C7H8H)+Fe(CO)3 



(C7H8D)+Fe(CO)3 

Ha 

Hb 

He 

^CHD 

(C7H9)Fe(CO)2l 


8.31 

— 

— 

— 


377 

8.33 

— 

— 

— 



8.73 

— 

2 




-8.2 

— 

2 

7^6 



4.20 

— 

— 

— 

BF“4 salt/SOa soln 

223a 


3.03 

(1) 

3 Jab-6.5 

H 2 SO 4 

85 

4.81 

(2) 

2x2 Jbc = 9.9 


80 

5.15 

(2) 

b — 



-7.4 

-8.2 

}(4) 

— — 




2.96 

(1) 

3 

Same coupling 

D 2 SO 4 

86 

4.07 

(2) 

2x2 

as above 



5.08 

(2) 

b 

—- 


80 

-7.4 

(2) 

c 

— 



-8.21 

(1) 

2x2^ 

r 16.5 

L 7.5 



3.1 

(2) 

— 

— 

(CCl 3 ) 2 CO soln 

80 

6.1 

(2) 

— 

— 



7.7 

(2) 

— 

— 



8.5 

(2) 


— 
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TABLE yiVUl—continued 


Rela¬ 

tive 


Compound 


T 

[5(CH,)4Si = 10] 

Inten¬ 

sity 

Multi¬ 

plicity 

j 

(cps) 

(C8H8'H+)Fe(CO)3 

He 

Ha 

2,26 

(1) 

5 

- 3.8 

Ht, , 

Hb.e 

4.62 

(4) 

b 



H 1.7 

4.62 

(2) 

b 

— 

_ 

^CH2 

r 8.65/ 


c 

w 

II 

bo 

Ha'^ 

Hb He 


t 8 . 47 / 


c 

+ coupling to 
Hj,H7 

(CsHe-D^FeCCOa 

Ha 


2.18 

— 

— 

— 

Hb.e 


4.55 

— 

— 

— 

H 1.7 


7.44 

— 

2 

1 AB 2 

^CHD 

Other Miscellaneous Groups 

8.59 

— 

3 

J Jab = 7.96 

C5H4CHNMe2Cr<CO)3 

C 5 H 4 


4.91 

— 

— 

— 

CH 


2.18 

— 

, — 

— 

Me 


6.54, 6.70 

— 

— 

_ 

C5H4C(NMe2)2Cr(CO)3 

Me 


6.66 

— 

— 

— 

C 5 H 4 


— 

— 


_ 

C5H4CHNMe2Mo(CO)s 

C 5 H 4 


4.34 

4.49 

— 

3 

3 

«2 

«2 

Me 


6.59, 6.70 

— 

— 

— 

CH 


1.99 

— 

_ 

_ 


Remarks 


References 


H 2 SO 4 soln, 56,45 Mc/sec 87 

Spectrum identical in liquid 325 

SO 2 


D 2 SO 4 


87 


199b 


Not observed 


199b 


199b 
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C5H4C(NMe2)2Mo(CO)3 

Me 6.66 

C 5 H 4 — 

[PhC5H4RhCp]l3 

C 5 H 4 3.34,3.85 4 



O 


c/3 C/3 


Not observed 


199b 
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Compound 


[5(CH,)4Si 


(C6H4COMe)FeCp 


2,5 

5.40 

3,4 

5.94 

2',3',4',5' 

6.18 

2.5 

5.28 

3.4 

5.54 

2',3',4',S' 

5.80 




XVI11 —continued 


Rela¬ 

tive 

Inten- Multi- J 

10] sity plicity (cps) Remarks References 

- 2 

— 3 — 10% in C«H» 302 

— 3 — 

— 1 — 

— 3 — 10% in CDCI 3 302 

— 3 — 

— 1 — 


— 3 — 10% in CDCI 3 302 

— M — 

— M — 

— M — 


M 

M 

Sb 


302 
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TABLE yiWlll--conHnued 


_________ w 

-- fjy 

Rela¬ 

tive 

T Inten- Multi- J 

Compound [S(CH,) 4 Si = 10] sity plicity (cps) Remarks References 



302 


302 


302 


MeOC 
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1.7 


302 




302 


1.59 y25 302 

2.40 J 45 


302 


OJ 

'O 
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TABLE XVlll—continued 


Compound 


Rela> 

tive 

T Inten- Multi- J 

[5(CH,)4Si = 10] sity plicity (cps) 





Remarks References 


Z 


302 



10% in CeHe 


302 


302 


10% in CDCls 


302 
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Fe 



3 

5,67 

— 3(u) — 

Unresolved 

302 

4,5,4' 

6.11 

— M — 

10% in CcHe 


3' 

5.85 

— 3(u) — 



5' 

6.46 

— 3(u) — 



3 

5.30 

- 3(u) — 

10% in CDCI 3 

302 

4,5,4' 

5.86 

— M — 



3' 

5.47 

— 3(u) - 



5' 

6.19 

— 3(u) — 





302 
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Compound 


T 


[8(ch,)4Si 


[C5H4CHNMe2Fe(CO)2]2 
Isomer A C5H4 
Me 
CH 

Isomer B C5H4 

C5H4 

Me 

CH 

[C5H4CHNMe2Fe(CO)2Me]2 

C5H4 

CH 

NMe 

FeMe 

[C5H4CMe2CMe2C5H4]Fe 
H2,5,2' 5 ' 

H3.3'.4.4' 

H2.5 

H3.4 


Ha.a'.s.s' 

H 4 . 4 ' 



w4.9 

7.78 

6.93 

4.73 

5.23 

8.00 


5.3 

6.54 

7.88 

9.92 

6.01 

5.46 

6.04 


6.20 

5.89 



Rela¬ 

tive 

Inten- Multi- J 

10 ] sity plicity (cps) Remarks References 

3 


8 C — 199b 

12 1 — 

2 1 — 

4 — Broad 

4 — Broad 

12 — — 

2 — — 

8 C — 199b 

2 1 — 

12 1 — 

6 1 — 

— 3 — 10% in CeHs 302 

— 3 — 

— 3 — 10% in CDCI 3 302 

— 3 — 


2 

3 


2.5 

2.5 


302 
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C4H4NFeCp 


4.74 2 

5.55 2 



ClHgC5H4FeCp 5.66 

5.33 
6.12 
5.71 
5.60 
5.24 
5.98 
5.59 
6.03 
5.73 


Hg(C5H4FeCp)2 


199a 


2x2 

3 and 7 

199a 

2x2 

3 and 7 


2 

2.5 


3 

2.5 



1 

— 


199a 

C 

— 



c 

— 



1 



199a 

2 

2.5 



3 

2.5 



— 

— 


146 

C 

— 

Olefinic protons 


3 

— 

0 -C 6 H 4 CI 2 

295 

3 

— 

Soln 94° C 


3 

— 

9rCin Ph20 

295 

3 

— 



— 

— 

94°Cin 0 -C 6 H 4 CI 2 

295 

3 

_ 

94°Cm Ph20 

295 

3 

— 



3 

— 

94°Cm PhN02 

295 

3 

— 




Nuclear Magnetic Resonance 




Compound 


T 

[3(CH,)4Si = 


[C5H4FeC5H4Hg]* 

(C5H4l)FeCp 

(C5H4l)2Fe 

(C5H4C02Me)FeCp 


(C5H4C02Me)Fe 


COjMe 



5.77 

5.50 

6.00 

5.73 

5.67 
5.88 

5.68 
5.90 

5.21 
5.63 

6.21 


H2,5,2',5' 
H3.4,3' 
ring Me 


Me 


5.31 

5.74 

8.05 


XVI11 —continued 


Rela¬ 

tive 


Inten- 
10] sity 

Multi- J 
plicity (cps) 

Remarks 

References 

— 

— — 

167° C in PhNOo 

295 

— 

— — 

184° C in PhNOs 

295 

1 

3 — 


295 

1 

3 — 



1 

3 — 


295 

1 

3 — 



2 

3 — 


295 

2 

3 — 



3 

1 — 




4 

3 

3 


26 
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(C5H4C02Me)Fe 


C02Me 


H 2.5 

H 3.4 

CH 2 ofEt 
CH 3 ofEt 


C02Me 


(C5H4C02Me)Fe 


H2,5 

H3,4 

CH 2 ofEt 
CH 3 OfEt 


C02Me 


(C5H4C02Me)Fe CQ 


H 2.5 

H 3.4 

CH 

CH 3 of i-Pr 
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y^VlU—continued 


Rela¬ 

tive 

T Inten- Multi- J 

Compound [ 8 (CHa) 4 Si = 10] sity plicity (cps) Remarks References 


C02Me 

(C5H4C02Me)Fe \( )) 

/-Bu 



H 2.5 

5.31 

4 

— 

— 


26 

H 3.4 

5.75 

3 

— 

— 



CH 3 of Bu 

8.77 

9 

— 

— 



(C 5 H 4 COMe)FeCp 

5.23 

— 

3 

1.90 

Triplet 

296 


5.51 

— 

3 

— 



(C5H4COMe)2Fe 

5.23 

— 

3 

1.91 

Triplet 

296 


5.49 

— 

3 

— 



C5H4MeFeCp 

6.07 

— 

— 

— 


302 


6.03 

— 

— 

— 



{C3H4Me)2Fe 

6.11 

— 

— 

Broad 


302 

[C5H4(CH2)3C3H4]Fe 







H2,2',5,5 

6.14 

— 

3 

— 

10% in CeHe 

302 

H3.3'4.4' 

5.99 

— 

3 

— 



H2.2'45.5' 

6,04 

— 

1 

— 

10% in CDCI 3 

302 

H3.3'.4.4' 

6.04 

— 

1 

— 
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o 



CH2CHC5H4 

\ \ 

CHzFe 

/ / 

CH2CHC5H4 

1,2-(a-Ketotetramethylene) ferrocene 
H3.4 
H5 
Cp 

[C5H4FeCp]2 


C5H4 

CH 

CH2 

CH2 


5.85,6.18 8 - 

7.13 2 

7.93 2 3 

8.20 4 2 


5.91 — 2 - 

5.13 ~ 3 - 

6.12 — 1 

5.82 1 3 2 



Fe 


Olefinic 
Cs ring 
CH2 


5.68 1 3 

3.92 4 

6.13 6 

7.33 and 7.50 4 


2 isomers 


302 

295 

67 

302 

138 

187 



Fe 


Olefinic 
C5 ring 
CHD 


3.92 4 _ _ 

6.13 6 — — 

7.33 and 7.50 2 — Broad 


2 isomers 


187 


2 
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TABLE yNWl—continued 


Compound 

T 

[8(CH,)4Si 

Rela¬ 

tive 

Inten- Multi- 
= 10] sity plicity 

j 

(cps) 

Remarks 

References 

[C5H4C02Me]FeCp 

5.28 

1 — 

— 


26 


5.73 

1 — 

— 



[C5H4C02Me]2Fe 

5.20 

1 — 

— 


26 


5.60 

1 — 

— 



[C5H4CO^]Fe 

5.08 

— 3 

1.93 


296 


5.43 

— 3 

— 



[C 5 H 4 COPh]FeCp 

5.10 

— 3 

1.91 

Triplet 

296 


5.43 

— 3 

— 




« For CHs, S = 3.3; ^CH, 8 = - 1.1; CHCH 3 , 8 = 2.5 ppm. 

^ For CHa, 8 = 3.35; C 5 H 4 , 8 = 1.4 ppm. 

® For CHs) 8 = 5.4; C 5 H 4 , 8 = 3,2 ppm. 

** For CHsi 8 = 3.4; C 5 H 4 , 8 =0.8 ppm. 

* A variety of other substituted ferrocenes is presented in this work; see table above for additional bridging ferrocenes. 
f Centers calculated for each of an AB pair. 


.. MADDOX. S. L. STAFFORD, and H. D. KAESZ 





TABLE XIX 


Summary of Magnetic Resonance Data for Complexes Containing the 7i-(C6)M System 
AND FOR Some of the Free Olefins 


r Relative Multi- J 

Compound [S(CH,) 4 S 1 = 10] Intensity plicity (cps) 


3 


Remarks References 


C6H6Ag+« 

Hi -4.6 

Hz - 5.0 

H3 - 5.2 

CeHeFeCeHs 5.13 

CeHeRuCeHg 5.0 

CeHeReCeH? 5.35 

C6H6Cr(CO)3'H+ 

CeHe — 

M—H 13.55 

Substituted Benzenes 
(CeHs • CH3)Cr(CO)3 • H+ 

CeHs 3.35 

CH3 7.14 

M—H 13.98 

(CeHs • (CH3)3)Cr(CO)3 • H+ 

CeHs 4.13 

CHa 7.78 

M—H 14.27 


Sh |0 = 0 328 

40 Mc/sec 

CeHs; see Table XV 121 

56.45 Mc/sec; CCU CeHs; 181 
See Table XV 

56.45 Mc/sec; CeHe ISl 

CeH 7 ;see Table XVIII 

56.45 Mc/sec 86 

BF 3 H 2 O 

56.45 Mc/sec 86 

BFa'HzO soln 

56.45 Mc/sec 86 

BFs’HzO soln 
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C 7 H 8 cycloheptatriene 

— 

— 

C7H8Cr(CO)3 

Ha 

3.99 

— 

Hb 

5.17 

— 

He 

- 6.6 

— 


r7.i 

_ 

CH 2 


t 8.23 

— 

C7H8Mo(CO)3 

Ha 

3.95 

— 


Hb 

He 

^CH2 

C7H8W(C0)3 

Ha 

Hb 

He 

^CH2 

Substituted Cycloheptatrienes 
1 , 1 ,4-Trimethylcycloheptatriene 
C7H5*(CH3)3 


5.11 
-6.5 
' -6.9 
-7.55 


3.96 

5.18 





See Table XV 


2 x 2 

7ab = 4,8 

CCI 4 

27 


7ab' = 2.8 

56.4 Mc/sec 


c 

— 

22 °±r 


c 

— 



AB pair 

2 

7 ab = 12,6 



2 x 2 

7ab = 4.8 

CC 14 

27 


7ab' = 2,8 

56,45 Mc/sec 


5 

7ab7bc 4 

22°±r 

206 

2x3? 

— 



c 

AB pair 



2 

7 ab = 12 



2 x 2 

— 

CCI 4 

27 

c 

— 

56.45 Mc/sec 


c 

— 

22°±r 



2 J 5.6 = 6.2 56.4 Mc/sec 27 

2x2 76.7 = 9.0 

2 73.2 = 9.0 

2 I AB pair 
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T Relative Multi- 

Compound [5(CH8)4S1 = 10] Intensity plicity 


[C7H5(CH3)3]Mo<CO)3 


Hs 

4.12 

— 

H 2.7 

6.52 

— 

CH3(4) 

7.48 

— 

CH3(1) ^ 

r 8.60 

[9.70 

— 

1 , 1 ,3,4-Tetramethylcycloheptatriene 



C7H4(CH3)4 

Hs 

3.84 


He 

4.22 

— 

H 7 

5.03 

— 

H 2 

5.16 

— 

CH3(4) 

8.03 

(3) 

CH3(3) 

8.15 

(3) 

CH3(1) 

[C7H4(CH3)4]Mo(CO)3 

9.06 

( 6 ) 

Hs 

4.02 

— 

He 

5.31 

— 

H 7 

6.28 

— 

H 2 

6.44 

— 

CH3(4) 

7.49 

— 

CH3(3) 

7.94 

— 

CH3,„ -| 

r 8.63 
[9.77 

— 


2 

2 

1 

1 

1 


2 

2x2 

2 

~ 1 
1 
1 
1 

2 

2x2 

2x3i 

1 

1 

2 



J 5.6 = 7.2 CCI 4 21 

= 9.5 56.45 Mc/sec 


J 5.6 = 6.2 CCI 4 27 

— 9.6 56.45 Mc/sec 


= 1.2 


J 5.6 = 7.1 ecu 21 

= 9.0 56.45 Mc/sec 

J7.6 = 8.6 


= 1.5 
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C 9 HioMo(CO) 3 *' 


(C6)M 

-4,5 

(3) 

— 

— 

Shmds =40 Mc/sec 

206 

C 2 H 4 

r-7.1 

(1) 

— 

— 

CS 2 soln 



t - 7.8 

(1) 

— 

— 



CeHeFeCeHs 







CeHe 

5.13 

6 

— 

— 


120 

CH of CeHs 

5.42 

2 

— 

— 




7.48 

2 

— 

— 



CH 2 

8,6 

4 

— 

— 



CfiHeRuCflHs 







CaHe 

5.00 

6 

— 

— 


120 

CH of CeHs 

5.08 

2 

— 

_ 




6.73 

2 

— 

— 



CH 2 

8.17 

4 

— 

— 



CfiHeOsCeHs 







CfiHe 

5.08 

6 

— 

— 


120 

CH of CeHs 

4.68 

2 

— 

— 




6.58 

2 

— 

— 



CH 2 

8.08 

4 

— 

— 




« For Hi, 8 = -0.65 ; H 2 , 6 = 0.15; H 3 , 5 = 0.00 ppm. 

For (C8)M, S = - 5.5 ; C 2 H 4 , S = -2,9 and -2.15 ppm. 
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It is likely that the 7r-(C5)M system also exists in certain protonated olefin 
complexes, such as (C 7 H 8 *H'^)Fe(CO) 3 , or (C 8 H 8 -H'^)Fe(CO )3 (Table 
XVIII). It would be of particular interest to know whether there is a three- 
membered ring system in the protonated cyclooctatetraene complex. The 
olefin resulting from neutralization of this cation with hydride ion, 
(C 8 Hio)Fe(CO )3 is believed to contain the three-membered ring by virtue 
of a very high field resonance characteristic for methylene protons of a 
cyclopropyl ring [as discussed under 7r-(C4)M, above]. In the protonated 
complex, this high-field line is absent, but of course, the entire proton 
resonance pattern is shifted somewhat to lower field on account of the positive 
charge in the complex. By analogy with known cyclopropyl substituted 
carbonium ions and other cyclopropane derivatives (cf. references cited in 
319d) the NMR spectrum is just what would be expected for the bicyclic 
structure. 

Complexes Containing the tt~{C^M System, In this category we have 
included the complexes of benzene and substituted benzenes, which gener¬ 
ally show one resonance line in approximately the same region as the single 
line for cyclopentadienyl rings (Table XIX). The complex between benzene 
and silver ion has also been included in Table XIX. This does not neces¬ 
sarily imply that a 77-(C6)M type of bond is present. The silver ion may well 
be involved with less than the full number of six carbon atoms of this ligand. 
However, the structure in solution is not known for this complex. 

The 7 r-(C 6 )M system is also present in the complexes of cycloheptatriene 
(C 7 H 8 ), when this olefin is bonded to transition metals requiring six tt 
electrons, such as the metals of the chromium subgroup (27) (Table XIX). 
It should be noted that in its complexes with the iron carbonylsy this ligand is 
bonded as a 7 r-(C 4 )M system. It was ascertained through chemical and 
spectroscopic evidence that the third olefinic bond was not participating in 
coordination to the metal {48) (Table XV). 



7T-(C7H8)Mo(CO)., 

(XXVII) 
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The structure for (C7H8)Mo(CO)3 (XXVII) has been determined by 
X-ray study { 102 ). This work showed that the methylene group is situated 
above the plane containing the rest of the olefin, on the side away from the 
metal. There were no unusual spectroscopic features (in particular no 
unusually low C—H stretching frequencies) associated with either of the 
methylene protons [see discussion of (C5H5’^)CoC5H5, under tt- (C4 )M, 
above]. 

The 7 r-(C 6 )M system is believed to exist in the complex C9HioMo(CO)3 
( 207 ), listed in Table XIX, and possibly in the complexes of azulene [see 
discussion of 7 r-(C 4 )M systems and Table XVI, above]. 

Complexes Containing the 7r-(C7)M System. The seven-carbon 7r-electron 
system is the largest presently believed to be engaged in tt bonding as a unit 
from a single olefinic ligand to a metal atom. The first well-characterized 
complex containing such a system is the vanadium compound C7H7VCSH5 
( 206 ), for which the originally proposed structure, one with parallel co- 
planar rings, has been completely confirmed by an X-ray diffraction study 
{ 105 ). This complex is paramagnetic, so no NMR spectrum has been 
observed, but it may however be possible to determine some contact- 
interaction shifts, as have been reported for some paramagnetic metallocenes 
[see 7r-(C5)M, above]. 

Magnetic resonance data are available for diamagnetic C7H7CrC5H5 
{ 115 ). The spectrum consists of a singlet attributable to the C5H5 ring 
(see Table XVII) and a singlet for the C7H7 ring, at r = 5 . 08 , C6D5 solution. 
King reports t = 4.45 (CS2) and 4.59 (C6H6) for the C7H7 resonance 
(i 97 , 198 ). The proton NMR spectrum for the seven-membered ring in 
C7H7 Mo(CO)2(C5Hs) is discussed in the section on 7r-(C4)M compounds. 




(XXVI11) 
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because of the similarity of the problem of its single resonance line to that in 
the cyclooctatetraene complex of iron carbonyl. 

The seven-membered ring system symmetrically bonded to a metal atom 
probably also exists in the cationic complex, C7H7Mo(CO)3'*‘(57). Chemical 
shifts for the series of salts C 7 H 7 '*‘M(CO) 3 BF 4 “ in liquid SO 2 are: M = Cr, 
t = 3.42; M = Mo, t = 3.82; and M = W, t = 3.83; for C7H7+BF4' in 
liquid SO 2 , T = 0.72 {223a), 

The complex CgH 8 Mo(CO )3 {379a) can be protonated to examine the 677 - 
electron on the 7-carbon atom [677'-(C7)] system in the cation (XXVIII). 
Especially interesting is the question whether (XXVIII) is cyclooctatrienyl 
(XXVIIIa) or monohomotropylium (XXVIIIb) in character. The NMR 
spectrum of this cation {379a) in comparison with those of free CgHg'*’ {308a) 
and of C 8 H 9 +Fe(CO )3 {325, 87) shows it to be (XXVIIIb). The different 
electronic requirements of transition metal atoms in their complexes exert 
a corresponding control on the resulting structure and thus constitute a 
powerful tool in the study of various aspects of homoconjugation, homo¬ 
aromaticity and nonclassical structures [cf. references cited in {379a)], 

The spectrum of C 7 H 7 V(CO )3 is worth particular mention. Fritz and 
Kreiter {132b) found a single sharp resonance at — 50° C, in agreement with 
the crystal structure which showed a ring centrosymmetrically bonded to the 
metal. However, at higher temperatures this resonance broadened into an 
unresolved multiplet which can only be interpreted in that less symmetry 
exists in the attachment of the ring to metal. This is indeed an unusual and 
unprecedented observation. 


Ill 

TIME-DEPENDENT PHENOMENA 

A. Alkyl Derivatives 

A characteristic property of some organometallic systems is the exchange 
of alkyl groups from one metal to another. This was first observed in the 
alkyl derivatives of aluminum, for instance, trimethylaluminum {260, 39, 
154,340), Although X-ray diffraction studies of the solid, and vapor density 
measurements and colligative properties in solution, indicate dimerization 
through methyl groups, thereby rendering the two groups different from 
the other four in Me 6 Al 2 , only one resonance was observed at room tem¬ 
perature. At lower temperatures (- 75°) two peaks appear, one at lower field 
(0.75 ppm) for the bridge methyl groups, and the other at higher field 
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(0.38 ppm) for the terminal methyl groups, shifted from the single resonance 
which appears at the weighted average position between these two at room 
temperature. For alkylaluminum halides, no significant shift in resonance 
was found between the room-temperature and low-temperature spectra, 
from which it was deduced that the halogens are chiefly responsible for the 
bridging {340, 154), It was found that for mixtures of alkoxyaluminum 
dialkyls with trialkylaluminum derivatives, even at room temperature it was 
possible to observe a discernible resonance for the methyl groups bonded to 
aluminum in the former which occurred at higher field than for those in the 
latter {175). Apparently the alkoxy group rather than two methyl groups in 
the alkoxyaluminum dialkyl is favored in the participation of metal bridging, 
with the exception of ^^f-BuOAlR 2 . In the latter some temperature 
dependence was observed for the alkyl resonance, denoting its participation 
in bridging in favor of the alkoxy group, which in this case is a highly 
branched one. The interplay between steric and electronic factors in 
determining the most favorable group for bridging is quite interesting. 

Exchange of alkyl groups may take place between different metals or the 
same metal in two different oxidation states in which there are two character¬ 
istic resonances. A single resonance at the weighted average chemical shift 
position will be observed. Such exchange was noted in solutions of tri- 
methylaluminum and dimethylzinc and in solutions of dimethylzinc and 
dimethyl cadmium {245). The exchange may be slowed by dilution to the 
point where a characteristic resonance is observed for each of the two com¬ 
ponents. From temperature or concentration dependence of the collapse of 
the two characteristic resonances, or the analysis of the line shape, it is 
possible to estimate an average lifetime of each species before exchange 
and also obtain the activation energy for the exchange process (9, 245, 290, 
pp. 219 ff.). 

In a pure metal alkyl if isotopes of the metal of appropriate magnetic 
activity are present, the collapse of metal-proton spin-spin coupling 
satellites will be a clue to any exchange occurring. In alkylmercury deriva¬ 
tives, for instance, at room temperature the proton resonances are accom¬ 
panied by metal spin-spin coupling satellites {91), This of course simply 
places a minimum for the lifetime of the species before exchange, and other 
experiments such as isotope labeling must be used to check for exchange 
processes over a longer period of time. 

No exchange is noted between R 2 Hg and RHgX (X= Cl and Br) {160, 
295(1), At room temperature each of these species exhibits its own character- 
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istic resonance. At higher temperatures, however, it is possible to see these 
separate resonances collapse into one (and at the same time observe the 
disappearance of the metal-proton spin-spin coupling satellites) {295a). It 
is interesting to note that the salts RHgl show either no or greatly broadened 
metal-proton spin-spin coupling satellites even at room temperature, 
indicating a greater tendency towards alkyl exchange compared with the 
bromides or the chlorides (760, 295a). 

Magnetic resonance has been applied to the study of the Grignard re¬ 
agents. In 3,3-dimethylbutylmagnesium chloride, (CH 3 )CCH 2 CH 2 MgCl, 
a low-temperature form ( —53°C) shows methylene hydrogens which are 
magnetically unequivalent, giving rise to an AA'XX' pattern. At higher 
temperature (32° C), these become an A 2 X 2 system. The corresponding 
dialkylmagnesium reagent showed the same behavior but at a higher 
temperature range (AA'XX' at 28°, and A 2 X 2 at 110° C) {371). These 
observations can be explained by other means than invoking an alkyl-metal 
exchange reaction, however. 

The question of the constitution of the Grignard reagent, certainly 
in solution, is not yet settled {18). The NMR favors the formulation 
R 2 Mg*X 2 Mg because chemical shifts in R 2 Mg are very close to what 
they are observed in “RMgX” (707, 277, 308). Comparison with other 
derivatives containing the metal in two different oxidation states such as 
R 2 Hg and RHgX (see above) would lead us to expect that the chemical 
shifts for the corresponding two derivatives of magnesium would also 
be different, but they are not. Even in the presence of rapid exchange 
between R 2 M and RMX a weighted average chemical shift position would 
be seen which would be different than for pure R 2 M. Therefore the NMR 
data favor the species R 2 Mg*X 2 Mg to explain the chemical shifts. Yet a 
direct structure determination of phenylmagnesium bromide dietherate 
shows magnesium bonded to two ether molecules, one halogen and one 
phenyl group (tetrahedrally distributed about the metal) {350). These 
authors offer cogent arguments about retaining this configuration even in 
solution. Finally, it should be noted that some earlier exchange work favoring 
the formulation R 2 Mg*X 2 Mg has been shown under certain circumstances 
not to be reproducible.^ And so, even after over 60 years of study, this 
important reagent of chemistry remains an enigma. 

Rapid intermolecular exchange of groups is also occurring in organo- 
thallium compounds at room temperature, since metal-proton spin-spin 
See the chapter by Dessy in Volume 4 of Advances in Organometallic Chemistry. 
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coupling satellites are not observed {220^ 221 ^ 222), This exchange can be 
slowed down by reducing the temperature, or by introducing electron 
pair donor molecules which coordinate with the metal and thus greatly 
decrease its tendency to form polymers in which alkyl groups are the bridging 
ligands (220). On the other hand in alkylthallium salts such as R 2 T 1 '^ and 
the metal-proton spin-spin coupling satellites are observed even at 
room temperature 159,222). In this respect, it is interesting to note the 



large coupling constant observed for the long-range interaction 
(817 cps) in compound (XXIX) {12a). 

6 . Alkenyl Derivatives and Olefin it Complexes 

In this class of compound a phenomenon in addition to metal-ligand 
interchange is observed, the exchange of metal-to-carbon bond from one 
site to another in the same ligand, t.e. valence tautomerism after Pettit 
{223a). This usually causes the averaging of chemical shifts for protons in 
different magnetic environments in the frozen molecule, but it will preserve 
metal-proton spin-spin coupling satellites although the observed splittings 
will be the average of the extreme values in the frozen molecule. 

In allylmagnesium bromide there is some rapid equilibration in solution 
which causes the two terminal CH 2 groups to appear equivalent, giving the 
resonance for an AX 4 group {268). The two isomers (XXX) are inter- 
converted faster than 1000 times per second even down to — 80° C. This is 
distinctly different than the 7T-allyl group bonded to transition metals which 

H 

/ / 

H Mg 

Br 


H 




^C—H 

\ I 

Mg H 


Br 


(XXX) 
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appears as an AB 2 C 2 spectrum. The AX4 pattern is also observed for 
allyllithium (779). 

Butenyl- and dimethylallylmagnesium bromides (277, 312) exist pre¬ 
dominantly as the primary isomers, i.e., CH 3 CH=CHCH 2 MgBr and 
(CH 3 ) 2 C=CHCH 2 MgBr, respectively. For the latter, resonance of the 
methyl groups is split into a doublet at lower temperature ( —26°C), 
indicating that at room temperature some rapid motion is causing equilibra¬ 
tion of the two methyl groups. Presumably this is the same process as 
depicted for allylmagnesium bromide (XXX) but the chemical shifts 
indicate that equilibrium must lie far on the side of the primary isomer. 

For the sigma-bonded cyclopentadienyl group, a somewhat similar 
equilibration process as in allylmagnesium bromide is occurring causing the 
resonance to appear as a single line at an averaged chemical shift position. 



This has been observed for sigma-bonded C 5 H 5 derivatives of heavy metals 
and some transition metals, i.e. (C 5 H 5 ) 2 Hg, cT-C 5 H 5 Fe(CO )2 (tt-CsHs) (283) 
and most recently for derivatives of tin and lead {133b, 132c). The sigma- 
bonded C5H5 derivatives of some of the lighter elements, like Si, show the 
A 2 B 2 X pattern expected for a longer lived M—C bond. However, in the 
pyrrole Grignard reagent (299) rapid equilibration between several Mg—C 
sites is occurring just as in the cyclopentadienyl derivative of that metal. 

In closing, we should add some brief remarks about coordination com¬ 
pounds of olefins. Cramer (75) explains the broad resonance of coordinated 
ethylene in ( 7 r-C 5 H 5 )Rh(CH 2 =CH 2)2 (795) [Section II, 13, 3], as due to 
rotation of that ligand around the coordinate bond axis. This would be 
similar to the interpretation of Mulay, Rochow, and Fischer (257a) of 
rotation of rings about the coordinate bond axis in ferrocene and dibenzene- 
chromium in their study of linewidths in broad line NMR. 

Inability to observe metal-proton coupling satellites in certain silver 
complexes (mentioned in the discussion in various places above) could be 
interpreted to denote rapid exchange of olefin between different metal atoms. 
In view of the small coupling constants for metals in the second transition 
series however [cf. small coupling constants for rhodium, 7 r-(C 5 )M discus¬ 
sion above], it may be that the satellites simply are not resolvable from the 
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main resonance. Further work is needed to clarify this point. In some olefin 
complexes of platinum in which the resonances were observed to be broad 
(see above) the absence of metal-proton spin-spin coupling satellites 
(which should be more widely separated from the main resonance in com¬ 
plexes of a metal from the third transition series) is compelling evidence that 
olefin-metal exchange is occurring. In such cases, it is possible that a slight 
amount of free olefin (if any is present in excess or through small dissociation 
of complex) is exchanging with complexed olefin, by analogy with the dis¬ 
covery (75) that in some complexes of rhodium with ethylene, free ligand 
will exchange with coordinated ligand. 

Finally, an intramolecular exchange similar to that noted for alkenyl 
derivatives has been noted for some olefin complexes. In each of these 
cases, the olefin offers more centers of unsaturation than the metal is believed 
capable of accepting (in terms of the Effective Atomic Number Rule) in any 
one frozen structure. This should lead to the appearance of different kinds 
of protons in the ligand. However, single resonances are usually observed. 
In some cases, structure studies show that in the solid state the metal is 
indeed associated with only some of the olefinic sites, for instance as in 
CgHgFt{CO )2 (see above). The most reasonable possibility is that in solution 
the metal is rapidly exchanging internally with all the olefinic sites; some 
prominent examples may be cited, such as (C 8 Hg)Fe(CO )3 (228)^ 
C7H7Mo(CO)2(7r-C5Hs) (797), ben 2 ene-Ag+ (756), and C 7 H 7 Fe(CO) 3 '' 
(223ay, In most cases, these time-dependent phenomena have not become 
frozen even at — 78° C. These will require further work in order to provide 
concrete evidence for the above mentioned interpretation. In contrast with 
this behavior is the resonance of C 7 H 7 V(CO )3 [see 7r-(C7)M, above] which 
shows a sharp resonance at low temperatures and a multiplet at higher 
temperatures {132b), 

® A large number of additional examples of this phenomenon principally for complexes 
of iron carbonyls has been reported by Pettit and co-workers [cf. (187a) and references 
cited therein]. Such internal exchange is termed by these authors as valence tautomerism. 

The complex C 8 H 8 Mo(CO )3 also displays this phenomenon (379a); NMR of this in 
toluene solution shows a sharp singlet at 70® C, which becomes broadened (half-width 25 
cps) at room temperature and freezes to a complex pattern at — 30°C. This is therefore the 
first known complex of cyclooctatetraene whose proton magnetic resonance shows observ¬ 
able change from rapid to arrested valency tautomerism. 
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Formula 

Table 

Formula 

Table 

CH3BF3 

I 

CHaHgl 

I 

CBFe 

IV 

CHaHgNOs 

I 

CHgBrHg 

I 

CHalMg 

I 

CH3ClHg 

I 

CH3Li 

I 

CH 3 ClHg 04 

I 

CH4ClaSi 

I 

CHsChSi 

I 

CH4HgO 

I 

CHsChSn 

I 

CHeSn 

I 
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Formula 

Table 

Formula 

Table 

C 2 BCI 2 F 3 

VIII 

C 3 H 5 NO 

XII 

C 2 BF 5 

VIII 

C3H0ClF3Sn 

I, IV 

C 2 H 3 BCI 2 

V 

C3H0HgO2 

I 

C 2 H 3 BF 2 

V 

C 3 H 0 NSTI 

I 

C 2 H 3 BF 3 

V 

C 3 H 0 NTI 

I 

C2H8BrMg 

V 

C 3 H 7 BF 2 

III 

C2H3ClMg 

V 

C 3 H 9 AI 

I 

C2H3C1208T1 

V 

C 3 H 9 AS 

I 

C2H3HgN 

I 

C 3 H 9 B 

I 

C2H3HgNS 

I 

CsHgBi 

I 

C2H3Li 

V 

CsHgBrSn 

I 

C2H4Cl3KPt 

X 

CsHeClSi 

I 

C 2 H 6 BCI 2 

II 

CsHeClSn 

I 

C 2 H 5 BF 2 

II 

CsHDGeLiO 

I 

C2H5BrHg 

II 

CaHgGeLiSe 

I 

C2H5BrMg 

II 

C3H9Hg304P 

I 

C2H6Cl3Si 

II 

CsHdIii 

I 

C2H6ClHg 

II 

CaHDLiSn 

I 

C2H6ClHg04 

II 

C 3 H 9 N 

I 

C 2 H 5 F 

II 

CsHgNOsPb 

I 

C2HBHgI 

II 

C 3 H 9 P 

I 

C2H5HgN03 

II 

C 3 H 9 S 

I 

C 2 H 5 U 

II 

C 8 H 9 TI 

I 

C 2 H 0 AI 2 CI 4 

I 

CaHioSi 

I 

C2H0Cd 

I 

CsHioSn 

I 

C 2 H 0 CIO 4 TI 

I 

CsHioPb 

I 

C2H0Cl2Si 

I 



C2H0Cl2Sn 

I 

C4FflHg 

VIII 

C 2 H 0 FTI 

I 

C 4 H 2 O 3 

X 

C2HflHg 

I 

C4H3HgO 

VI 

C2H0Hg2O4S 

I 

C 4 H 0 

XV 

C2H0HgO2 

III 

C 4 H 0 BCI 

V 

C2H0Hg2S 

I 

C 4 H 0 CIO 4 TI 

V 

C 2 H 6 ITI 

I 

C 4 H 0 F 3 O 2 TI 

I 

C2H0Mg 

I 

C4HflHg 

V 

C2H0MnO4Tl 

I 

C4H0Hg2O4 

I 

C2H0Se 

I 

C 4 H 0 O 2 

XII 

C2H«Te 

I 

C4H7BrMg 

VI 

C2H0Zn 

I 

C 4 H 8 

X 

C2H7ClSi 

I 

C4H8AgN08 

X 

C 2 H 7 OTI 

I 

C4H8Cl3KPt 

X 

C2H8Sn 

I 

C4H8Cl4Pt2 

X 



C4H8F4Sn 

I 

C3H4Hg 

I 

C4H8F4Sn 

IV 

C 8 H 4 O 

XII 

C 4 H 9 B 

I,v 

C 3 H 4 O 2 

XII 

C4H9BrMg 

III 

CsHsHgN 

II 

C4H9F3Sn 

I 

CsHsLi 

II, VI 

C4H9FaSn 

IV 
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Formula 

Table 

Formula 

Table 

C4H9Li 

III 

CeFs 

XV 

C4H9TI 

I 

CflFi 4 lP 

IV 

C4H10AICI 

II 

C 6 H 3 Mn 05 

I 

C 4 HioCd 

II 

C6H4CIC0O3 

XIV 

C4H10CIO4TI 

II 

C 6 H 4 Hg 

III 

C 4 HioClSi 

II 

C6H4O2 

X 

C 4 HioCl 2 Sn 

II 

CeHsBCb 

VII 

C 4 HioHg 

II 

CeHsChOsTl 

VII 

C 4 HioMg 

II 

CeHsCbSi 

VII 

C4H10NO3TI 

II 

C6H5C0O3 

XIII 

C 4 HioSe 

II 

CeHsIOPt 

XVII 

C 4 HioTe 

II 

CeHeAg^ 

XIX 

C 4 HioZn 

II 

CeHeFeGe 

VIII 

C4HUTI 

I, II 

CeHeFeSn 

VIII 

C4H13AI2CI2 

I 

CeHeFioSn 

IV 

C 4 Hi 2 Cr 04 Tl 2 

I 

CaH 7 B 02 

VII 

C 4 Hi 2 Ge 

I 

CeHvNa 

VI 

C4H12O4STI2 

I 

CeHs 

XV, XVIII 

C 4 Hi 2 Pb 

I 

C6H8CrN202 

I, XVII 

C 4 Hi 2 Si 

I 

CeHsFsSn 

I. IV 

C 4 Hi 2 Sn 

I 

C6H8O4 

X 

C4H14AI2 

I 

C9H9AS 

V 

C4H14AIN 

I 

C6H9B 

V 



C6H9ClSn 

V 

C 6 F 3 FeI 04 

IV 

CeHgGa 

V 

C5H4O3 

X 

C 6 H 9 Sb 

V 

C5H5CIM0O2 

XVII 

CeHgSi 

VI 

C 5 H 5 CrIN 02 

XVII 

C0H1O 

x,xv 

CsHsNNiO 

XVII 

C6HioAg+ 

X 

C5H0 

XV 

CeHioBr2Ni2 

XIII 

C 5 H 0 AgClO 4 

XV 

C0HioBr2Pd2 

XIII 

CsHsOPd 

XIII 

C0HioCl2Pd2 

XIII 

C5H9B 

I,v 

CeHioHg 

VI 

CsHoBrMg 

VI 

C6Hiol2Pd2 

XIII 

C5H9TI 

I 

C0Hi2Si 

I,V 

C 5 HioHg 02 

III 

CeHwCd 

III 

C5H10NSTI 

II 

CeHwGe 

I, VI 

CsHiiOaTl 

I 

C 0 Hi 4 Hg 

III 

C6H12O3TI2 

I 

C 0 Hi 4 Sn 

I, VI 

CsHnSi 

I, V 

CeHisAl 

II 

CsHieAlN 

I,II 

C0H15B 

11 

C5H13TI 

I, II 

CaHisGa 

11 



C0H15P 

11 

CeAsFg 

VIII 

C 0 Hi 5 FSi 

11 

CeBFg 

VIII 

C0H15TI 

11 

CeCIFuP 

IV 

C0Hi0O2Sn 

11 

CeFsMnOs 

IV 

C0H17AICI2N2 

11 

C 6 F 6 FeI 04 

IV 

C0H18AI2 

I 
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Formula 

Table 

Formula 

Table 

C 6 H 18 AI 2 O 2 

I 

C8HF4Mn06 

IV 

CeHisBN 

I 

C8H2F8Fe04 

IV 

C6Hi8Ge2 

I 

C8H2Fe07 

X 

C6Hi8GeOSi 

I 

C8H4Fe04 

XV 

C6Hi8Ge20 

I 

CsHsMnOa 

XVII 

C0Hi8Ge2Se 

I 

C8H0CrO3 

XVII 

CeHisOPbSi 

I 

C8H0FeO6 

XII 

C6Hi80Si2 

I 

C 8 H 0 MOO 3 

XVII 

CeHisOSiSn 

I 

C 8 H 0 O 3 W 

XVII 

C6Hi80Sn2 

I 

C 8 H 7 O 3 W+ 

XVII 

C 6 H 18 O 4 PTI 3 

I 

C8H8 

X, XV 

C6Hi8SeSn2 

I 

C8H8AgN03 

X 

C6Hl8Si2 

I 

C8H8Cl2Pt 

X 

C6Hi8Sn2 

I 

C8H8Fe02 

I, XVII 



C8H8Fe03 

XV 

C7F7FeI04 

IV 

C8H8l2Pt 

X 

C7F5Mn05 

IV 

C8H804Re''' 

X 

C7F505Re 

IV 

C8H9BF4Fe03 

XIV 

C7HClF3Mn05 

IV 

C 8 H 9 C 0 O 3 

XIV 

C7HCl2F2Mn05 

IV 

C8HioBrCo 

XIII, XVII 

C7HF4Mn05 

IV 

C 8 H 10 C 0 I 

XIII, XVII 

C7H4Fe03 

XV 

C8HioF6Si 

VIII 

C7H4Fe05 

XII 

C8HioNi 

XIII, XVII 

C7H4Fe06 

XII 

C8HioPd 

XIII, XVII 

C 7 H 5 C 0 O 2 

XVII 

CeHioPt 

XIII, XVII 

C7H5F6MnN03P 

XVII 

CsHiz 

X 

C7H5FeN05 

XII 

C8Hl2Cl4Pd2 

XIV 

C7H6lr02 

XVII 

C 8 H 1204 

X 

C7H5Mn04 

XIII 

C8Hi2Pb 

V 

C7H5Mn05 

II 

C8Hi2Si 

I, V, VII 

C7H6Fe03 

XV 

C8Hi2Sn 

V 

C7H7ClFe03 

XIV 

C8Hi3ClHgO 

III 

C 7 H 7 C 0 O 3 

XIV 

C8Hl4Cl2Pd2 

XIV 

C7H7FeI03 

XIV 

C8Hl402Pd 

XIV 

C 7 H 8 

X, XV, XIX 

CsHisAs 

V 

C 7 H 10 

XV 

C8Hl5F303Si 

VIII 

C 7 H 15 O 3 TI 

II 

C8Hi5F3Ge 

VIII 

C 7 H 20 AIN 

II 

C8Hi5F3Si 

VIII 

C7H2oSn2 

I 

C8Hi6F3Sn 

VIII 

C 7 H 21 AIN 2 

I 

C8Hi6F5Sn 

IV 



C8H2oGe 

II 

CsFsMnOs 

IX 

C8H2oSi 

II 

C8F5MnOo 

IV 

C8H2oSn 

II 

C8F506Re 

IV 

C8H2oPb 

II 

C 8 F 7 Mn 05 

IV 

C 8 H 22 AICIN 2 

II 

C8F705Re 

IV 

C 8 H 22 AI 2 O 2 

I 

C8FioFe04 

IV 

C 8 H 23 AIN 2 

I 

C8Fi2Ge 

VIII 

C 8 H 24 AI 2 CI 2 N 4 

II 
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Formula 

Table 

Formula 

Table 

C8H24Ge02Si2 

I 

CioH8Cr03 

XIX 

C8H2402Si2Sn 

I 

CioH8DFe03''‘ 

XV, XVIII 

C8H24Sn3 

I 

CioH8Fel2 

XVIII 



CioH8Fe02 

XVII 

CgpTOeRe 

IV 

CioH8Fe03 

X, XV 

CgFgFeOs 

XIV, XV 

CioHeFeOs 

X 

CgHFeMnOs 

IX 

CioH8Fe206S 

V, XII 

C9H4Fe07 

X 

C 10 H 8 M 0 O 3 

XIX 

C9H6Fe2O0S 

V. XII 

CioHgOsW 

XIX 

C9H0FeO8 

X 

CioH9Cl0FeO2Sb 

XVII 

C9H0E)MnO3 

XVIII 

CioHgClFeHg 

XVII, XVIII 

C9H7BF4Fe03 

XVIII 

CioH9Cr03 

XIX 

C9H7Cr03^ 

XIX 

CioH9FeI 

XVII, XVIII 

C 9 H 7 M 11 O 3 

XVIII 

CioH9Fe03 

XV 

C9H8Fe03 

III, XV, XVII 

CioH9Fe03+ 

XVIII 

C 9 H 8 M 0 O 3 

I, XVII 

CioH9Mn03 

XVIII 

C 9 H 8 O 

XII 

CioHioCo 

XVII 

C 9 H 8 O 2 

XII 

CioHioCr 

XVII 

CgHsOsW 

I, XVII 

CioHioCrN02 

XVII 

C9H9FeI02 

XVIII 

CioHioCr2N404 

XVII 

CgHsFeN 

XVII, XVIII 

CioHioCrNO 

VI 

C 9 H 10 

XI 

CioHioDBF4Fe02 

VI, XII 

CgHioFeO 

XIII, XVII 

CioHioDClFe08 

XII 

C9HioFe02 

II, XVII 

CioHioDRe 

XVII 

CgHiiBrMg 

III 

CioHioDClFeO 0 

XVII 

C 9 H 11 C 0 O 3 

XIV 

CioHioDCo 

XV, XVII 

C 9 H 12 C 0 IO 

XVII 

CioHioDFe02‘^ 

XII 

C9Hi2Ge02 

I 

CioHioD2ClRe 

XVII 

C9Hi3Rh 

X,XVII 

CioHioFe 

XVII 

C9Hi5CrP 

VI 

CioHioFe02 

VI, XVII 

C9Hi5Ga 

VI 

CioHioFe03 

XV 

C 9 H 20 O 3 TI 2 

II 

CioHioFeOs 

XVII 

C 9 H 24 AIN 

I 

CioHioFe04 

XV 

C9H24GeOSi 

I 

CioHioHg 

III, VI 

C9H240PbSi 

I 

CioHioMn 

XVII 

C9H27NSi2Sn 

I 

C 10 H 10 M 0 O 2 

XIII 



C 10 H 10 M 0 O 3 

XVII 

C 1 OHF 8 MOO 0 

IV 

CioHioNi 

XVII 

CioH4FeO0 

X 

CioHioOsRe 

XVII 

CioH4Fe2O0 

XV 

CioHioOS 

XVII 

CioHsCoFeO 

XVII 

C 10 H 10 O 2 W 

XIII, XVII 

CioH5F5Fe02 

IX 

C 10 H 10 O 3 W 

XVII 

C 10 H 6 D 2 

XVI 

CioHioPb 

III, VI 

C 1 OH 0 F 4 MOO 3 

IV 

CioHioRu 

XVII 

C 1 OH 0 F 4 O 3 W 

IV, XVII 

CioHioSn 

III, VI 

CioH0FeO4 

XV 

CioHioV 

XVII 

CioH6Fe206S 

V,XII 

CioHiiCIFeO0 

XII, XVII 

CioHs 

XVI 

CioHiiCIFeOo 

XII 
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Formula 

Table 

Formula 

Table 

CioHiiCo 

XV. XVII 

C 11 H 10 CI 3 C 0 

XV, XVII 

CioHiiDFe02 

XVII 

C 11 H 10 C 0 F 3 

XV 

CioHiiFe+ 

XVII 

C 11 H 1 ODF 0 MOO 3 P 

XII, XVII 

CioHiiFeNOa 

III, XVII 

CiiHioFe03 

XV 

CioHiiFe02'’' 

XII 

CiiHioFe206S 

V, XII 

CioHiiRe 

XVII 

C 11 H 10 M 0 O 3 

VI, X, XVII 

CioHiiRh 

XV, XVII 

C 11 H 10 M 0 O 4 

XVII 

CioHiiRu+ 

XVII 

C 11 H 10 O 3 W 

VI, XVII 

CioFi4Fe04 

IV 

C 11 H 10 O 4 W 

XVII 

CioHi 2 ClRe 

XVII 

CiiHiiDFe XV, XVII, XVIII 

CioHi2Fe02 

XVII 

C 11 H 11 CI 2 C 0 

XV, XVII 

C 10 H 12 M 0 

XVII 

CiiHiiCrNOs 

XVIII 

CioHi2Ni 

XVII, XIV 

C 11 H 11 M 0 NO 3 

XVIII 

C 10 H 12 W 

XVII 

C 11 H 11 F 6 M 0 O 3 P 

XII, XVII 

C 10 H 13 M 0 + 

XVII 

C 11 H 11 F 6 O 3 PW 

XII, XVII 

CioHisTa 

XVII 

CiiHi2DCIFeO0 

XVII, XII 

C 10 H 13 W+ 

XVII 

CiiHi2DFe02'*' 

XII 

C 10 H 14 

XIX 

CiiHi2Fe XV, XVII, XVIII 

C 10 H 15 BO 2 

VII 

CiiHi2Fe02 

VI, XVII 

Cl0Hl8Cl2O2Pd2 

XIV 

C 11 H 12 M 0 O 3 

XVII 

CioHi8Br202Pd2 

XIV 

C 11 H 12 O 3 W 

XVII 

CioHi8F3Sn 

VIII 

CiiHiaClFeOa 

XII, XVII 

CioHi802Pd 

XIV 

CiiHiaClTi 

XVII 

CioHisPt 

I 

C 11 H 13 C 0 

XV, XVII 

C 10 H 19 AIO 

V 

CiiHi3Fe02''' 

XII 

C 10 H 21 AS 

V 

CiiHi4Pd 

XIV, XVII 

CioH2oF20Si 

IX 

C 11 H 16 

XIX 

CioH 2 iClSn 

V 

CiiHieOPd 

XIV, XVII 

C 10 H 25 AIO 

II 

CiiH2oF2Si 

IX 

CioH26GaO 

II 

CiiH2o02Pd 

XIV 

C 10 H 27 AIN 2 

II 

CiiH22F2SSi 

IX 

CioH28Al202Si2 

II 



CloH3oAl202Si2 

I 

Ci2H6F6Fe04 

XVII 

CioH3oGe03Si8 

I 

Ci2H5DF6FeMn07P XVII 

CioH3o03Si3Sn 

I 

Ci 2 H 6 FeMn 07 

XVII 



Ci2HioClF3Ni 

XIV, XVII 

CiiFsMnOs 

VII 

Ci2HioCl2Si 

VII 

CiiH6F6Mn02 

IX, XVII 

Ci2HioCl2Sn 

VII 

CiiHeFeOsS 

XII 

C 12 H 10 CIO 4 TI 

VII 

CiiH8Cr04 

X 

C 12 H 10 C 02 F 4 

XVII 

CiiH8DFe03+ 

XVIII 

Ci2HioCr03 

XI 

CiiH8DFe03 

XVI 

Ci2HioF4Ni 

XIV, XVII 

CiiHsFeOa 

XV 

Ci2HioFe02 

VI, XVII 

CiiH8Fe04 

XV 

Ci2HioF6Fe02P 

XVII 

C 11 H 8 M 0 O 4 

X 

Ci2HioMn2N204 

XVII 

CiiHsFeOa 

XV 

C 12 H 10 M 0 O 3 

XI, XIX 

CiiHgFeOs’’" 

XVIII 

Cl2Hlo02Pt2 

XVII 

CiiHio 

XVI 

C 12 H 10 O 3 W 

XI 
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Formula 

Table 

Ci2HiiFe02 

XVIII 

Ci3H0Mn2Oio 

III 

Ci2Hii02Re 

X, XVII 

Ci3H8Fe05 

XII 

Ci2Hii02Ru'*‘ 

XVII 

CisHsFeOe 

XII 

Ci2Hi2Cr 

XVII 

Ci3HioFe03 

XV 

Ci2Hi2Cr02 

XIV, XVII 

Ci3Hi2FeO 

XVIII 

Ci2Hi2FeO 

XVII, XVIII 

C 13 H 13 C 0 

X, XVII 

Ci2Hi2Fe02 

XVII, XVIII 

Ci3Hi3Rh 

X 

Ci2Hi2Fe08 

X 

C 13 H 14 

XVI 

Ci2Hi2Mn03 

XVIII 

C 13 H 14 C 0 

XVII 

C 12 H 12 M 0 O 4 

X 

Ci3Hi4F6MnP 

XVII 

C 12 H 12 OOS 

XVII 

Ci3Hi4Fe 

XVIII 

C 12 H 12 ORU 

XVII 

C 13 H 14 M 0 O 3 

XIX 

Ci2Hi3Cr03'*‘ 

XIX 

Ci3Hi4Si 

I, VII 

Ci2Hi302Re 

X, XVII 

C 13 H 15 C 0 

XV, XVII 

Ci2Hi3Re 

XVIII, XIX 

Cl3Hi6Cl2N2Pd 

III 

CiaHuFe XV, XVIII, XIX 

Ci3Hi6CrN03 

XVIII 

Ci2Hi4Fe03 

XV 

Ci3Hi0MnNO3 

XVIII 

C 12 H 14 OS 

XIX 

C 13 H 17 C 0 

X 

C 12 H 14 RU XV, XVIII, XIX 

Ci3Hi7Pd 

XIV 

Ci2Hi4Si 

V 

Ci3Hi8Pd 

XVII 

CiaHisFeNOs 

III, XVII 

Ci3H2oOPd 

XIV, XVII 

Cl2Hi6Cl2N2Pt 

I 



Ci2Hi6C02S2 

XVII 

Ci4H8Fe206 

XV 

Ci2Hi6Ni 

XIV, XVIII 

Ci4H8Mn20io 

III 

Ci2Hi6Ti 

I, XVII 

Ci4HioFe208 

XV 

Cl2Hi8Cl202Pd3 

XIV 

C 14 H 10 O 4 OS 2 

XVII 

Cl2Hl8Cl2Pd2 

XIV 

Ci4HiiFe204'*‘ 

XVII 

Ci2Hi8Fe02 

XVIII 

Ci4Hi2Fe 

XVII, XVIII 

Ci2Hi8Ge2 

V 

Ci4Hi2Mo02 

XVII 

Ci2Hi80Pd 

XIV, XVII 

C 14 H 13 AS 

V 

Ci2H2oPt2 

I 

Ci4Hi3Mn02 

X, XVII 

Ci2H2oSn 

VI 

Ci4Hi4F0 

X 

Cl2H22Cl202Pd2 

XIV 

Ci4Hi4FeO 

XVIII 

Cl2H22Br202Pd2 

XIV 

Ci4Hi4Fe02 

XVIII 

Cl2H22l202Pd2 

XIV 

Ci4Hi4Fe04 

XVIII 

Cl2H24F2Si 

IX 

Ci4Hi5Fe 

XV 

Ci2H24GaN 

VI 

Cl4Hi8Cl2Rh2 

X 

Cl2H26F20Si2 

IX 

Ci4Hi6Fe 

XVII, XVIII 

C 12 H 27 A 1 

III 

Ci4Hi0Fe2O2S2 

XVII 

Ci2H27B 

III 

C 14 H 16 M 0 O 2 XIV, XV, XVIII 

Cl2H28Li20 

III 

C 14 H 10 MOO 3 

XIX 

Cl2H28Pb 

III 

Ci4Hi7Fe202P 

XVII 

Ci2H28Sn 

111 

Ci4Hi8Fe 

XV 

C 12 H 30 A 12 O 2 

I 

Ci4H2oF2Si 

IX 

Ci2H36Sn6 

I 

Cl4H22AS2Ni2 

XVII 

Cl2H36l4Pt4 

I 

C 14 H 22 M 02 S 4 

XVII 



Cl4H22N202Pd2S2 

XIV 

Ci3F6Mn20io 

IV 

Cl4H22Ni2P2 

XVII 
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Formula 

Table 

Formula 

Table 

Cl4H220Pd 

XIV, XVII 

CiaH2oNi02 

X 

Ci4H2204P2W2 

XVII 

CieH22As2Fe202 

XVII 

Ci4H2aCl202Pd2 

XIV 

CieHaaFe 

X, XVIII 

Ci4H2aBr202Pd2 

XIV 

CieH22Fe202P 

XVII 

Ci4H26l202Pd2 

XIV 

C 16 H 22 RU 

X 

Ci4H27F6Sn 

IV 

CioH24Cl2Rh2 

X 



CiaH3oCl202Pd2 

XIV 

Ci6H6D2Fe206 

XVI 

CiaH8204Pt2 

I 

Ci5FeMn20i2 

IV 



Ci6H8Fe206 

XVI 

Ci7Hi4F6Fe03 

X 

CisHiiMnOs 

XVIII 

Ci7Hi4FeO 

XVII, XVIII 

C 15 H 14 C 02 

XVII 

C 17 H 14 OOS 

XVII 

Ci6Hi4Cr 

XVI, XVII 

Ci7Hi40Rh 

XVII 

Ci6Hi6Mn2N303 

XVII 

Ci7Hi6Fe 

XVII, XVIII 

CiaHiaRh 

XVII 

Ci7HieFe204 

III, XVII 

CiBHiaCr 

XV, XVII 

Ci7Hi8Fe02 

XVIII 

CisHieFe 

XVIII 

Ci7H2oFe04 

XVIII 

CiaHieFeO 

XVIII 

Ci7H2oNi02 

X 

Ci6Hi6Fe04 

XVIII 

Cl7H22Ni02 

X 

CiaHis 

XVI 



CiaHisFe 

XVIII 

C 18 H 10 O 8 V 2 

XVII 

CisHioMnOs 

XVIII 

Ci8Hi4Fe 

XVIII 

Ci6H27F7Sn 

IV 

Ci8Hi4Fe204 

III 



CisHibAs 

VII 

CieHioFeSn 

VIII 

CisHiBClSi 

VII 

CiaHioFeaOs 

XVI 

CisHiBClSn 

VII 

CiaHioHgMoaOa 

XVII 

CisHisP 

VII 

CiaHuFa06PW2+ 

XVII 

CigHisSb 

VII 

Cl6HllHg06W2+ 

XVII 

CisHibTI 

VII 

Ci6HiiMoOaW+ 

XVII 

CiBHiaFeaOs 

III, XVII 

CieHiiMo20e‘^ 

XVII 

CisHieSi 

VI 

CieHiiOaW2+ 

XVII 

C 18 H 18 C 02 

X, XVII 

Ci6Hi2D2Fe 

XVIII 

Ci8Hi8Fe204 

III, XVII 

Ci0Hi4Fe 

XVIII 

Ci8Hi8Fe206 

XV 

CiaHi4Fe03 

XVI 

Ci8Hi8Rh2 

X 

CiaHi4l3Rh 

XVII, XVIII 

CisHioRh 

XVII 

CieHisRh 

XVII 

Ci8H2oCr i 

XVI, XVII 

Cl6Hl6Cl2Rh2 

X 

Ci8H2oFeO 

XVIII 

CiaHieFeO 

XVIII 

Ci8H2oNi02 

X 

CieHieMo204S2 

XVII 

Ci8H2oNi08 

X 

CieHiaNiOa 

XIV, XVII 

Ci8Ha2A82Mo204 

XVII 

CieHie04S2W2 

XVII 

Ci8H22Fe04 

XVIII 

CieHieSi 

V, VII 

C18H22M0204P2 

XVII 

C 16 H 17 M 02 O 4 P 

XVII 

Ci8H22Ni 

XIV, XVII 

CieHisFe 

XVIII 

Ci8H22Ni02 

X 

Ci6Hi8Fe04 

XVIII 

Cl8H24Ni02 

X 

CieH2QCoa04 

XV 

Ci8Ha4Cl202Pd2 

XIV 

CieH2oFe 

XVIII 

Ci8H84l202Pd2 

XIV 
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C 18 H 37 CIP 4 RU 

VII 

C 18 H 38 P 4 RU 

VII 

C 19 H 17 C 0 

XV, XVII 

C 19 H 19 C 0 F 6 

X, XVII 

Ci9H2oFeO 

XVIII 

Ci9H2oFe204 

III 

Ci9H22Fe 

XVIII 

C2oHi8Fe2 

XVII, XVIII 

C2oHi8Fe2Hg 

XVII, XVIII 

C2oHi8Fe205 

XVI 

C2oHi8Si 

V, VII 

C 20 H 20 M 0 

XVII 

C 20 H 20 TC 2 

XVII 

C2oH2oTh 

XVII 

C2oH2iTc2''' 

XVII 

C2oH22Fe2N204 

XVIII 

C2oH22Fe204 

III 

C2oH24Ni02 

X 

C2oH24Ni04 

X 

C2oH4o04Pt2 

I 

C 2 iH 2 oClNiP 

XIII 

C2iH24FeO 

XVIII 

C22Hi4Fe20io 

XV 

C22Hl4Fe206 

XV 

C 22 H 20 C 02 F 4 

XV 

C22H22Fe2 

XVII 

C22H22Fe2 

XVIII 

C22H28Fe2N204 

I, XVIII 


Formula 

Table 

C24Hl2Si 

VII 

C24Hi8Fe02 

XVIII 

C 24 H 18 ORU 

XVII 

C 24 H 20 B 

VII 

C24H2oSn 

VII 

C24H2lFe202P 

XVII 

C24H22Rh 

XVIII 

C24H4804Pt2 

I 

C25H2iFe02P 

XV 

C 25 H 24 C 02 

XV 

C26H3oF2Si 

IX 

C26H3oFe2 

XVII, XVIII 

C26H3oF2GeSi 

IX 

C 27 H 26 C 03 P 

XIV 

C28H23AsFe02 

XV 

C28H23Fe02Sb 

XV 

C 28 H 28 C 0 O 3 P 

XIV 

C3oH3oMn6N808 

XVII 

C3iH22Fe03 

XV 

C32H28Pt2 

VII 

C34H3oNi2P2 

XVII 

C36H3oFe202p2 

XVII 

C4oH3oAS2F0Pt 

IX 

C4oH3oF6P2Pt 

IX 
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INTRODUCTION 

The chemistry of the metal carbonyls has been the subject of hundreds of 
research papers, most of them appearing in the last decade of renaissance *' 
of inorganic chemistry. Reviews have appeared on the metal carbonyls 
themselves (7, 2 ) and on such related topics as the anionic carbonyl- 
metallates (J), metal-olefin complexes (4, 5), tricarbonyl(diene)iron species 
(6), perfluoroalkyl metal compounds (7), andTr-cyclopentadienyl andTr-arene 
(5, 9 ) metal derivatives. * 

The intent of this article is to focus upon compounds of transition metals 
bonded to carbonyl groups as well as to other electron-donating groups. 
Most of these substances involve coordinate bonds from atoms of the fifth 

^ A comprehensive review of alkali metal derivatives of metal carbonyls by R. B. King 
appeared in Volume 2 of Advances in Organometallic Chemistry. 
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and sixth main groups of the periodic table, but because of the multiplicity 
of species involved, it has not proven convenient to adhere to a strict 
definition of the topic as ‘‘Lewis base-metal carbonyl complexes/’ In the 
absence of other Lewis bases such compounds as the carbonyl hydrides, 
halides or cyanides, cyclopentadienyl, arene, olefin, and acetylene com¬ 
plexes, alkyl and acyl derivatives, and carbonylmetallates are beyond the 
scope of this review. 

Broad agreement appears to have existed for some time as to the principles 
governing the formation, structure, and properties of metal carbonyl 
derivatives. Since there appears to be no need to repeat in detail what is 
well summarized in earlier reviews (i, 2, 10), the next section of this article 
attempts only to limn broadly the rules and correspondences which are 
widely cited in papers in the area. Emphasis will be placed upon the 
generalizations which provide the strands weaving together the chemistry 
of many compounds into a manageable fabric. Subsequent sections sum¬ 
marize the compounds involved, element by element. In the interests of 
brevity, clarity, and quick comprehension, in most cases formulas and 
common abbreviations are used, rather than systematic names. 

II 

GENERAL CONSIDERATIONS 

A. Effective Atomic Number Rule 

Foremost among the long-recognized regularities of the chemistry of the 
metal carbonyls is the adherence of the vast majority of compounds to the 
“effective atomic number” or “rare-gas” rule. That is, the central metal 
atom accepts a number of additional electrons furnished by the ligands, so 
that the total number of electrons surrounding the metal gives it a formally 
closed-shell configuration. Species not conforming to the rule are well 
known but still few enough to be acknowledged as “exceptions.” The 
arbitrary bookkeeping scheme utilized has been remarkably, even if 
fortuitously, successful in predicting and correlating the stoichiometries of 
complexes. For instance, in pentacarbonyliron the zero-valent iron atom, 
having 26 electrons, is said to accept two electrons from each of five carbonyl 
groups, thus gaining a 36-electron (krypton) configuration. 

The system is applied similarly when more than one type of ligand is 
present. It should be noted that one may regard many compounds in at 
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least two ways for the electron-counting procedure. Thus, the compound 
[Fe1 2 ( 00 ) 4 ] may be considered to be composed of Fe(0) (26 electrons), two 
iodine radicals ( 2 x 1 electron), and the carbonyl groups (4x2 electrons); 
or of Fe(II) (24 electrons), two iodide anions (2x2 electrons), and the 
carbonyl groups (4x2 electrons). In either case there is no net charge on 
the complex, and the total number of electrons is 36. The apparent difference 
in formal oxidation state of the central atom has little real meaning in most 
cases. Table I lists some of the more common donor groups, arranged 
according to the number of electrons formally donated by them. 

TABLE I 
Electron Donors 


Number of electrons 


Donor groups 


One -H, -Cl, ‘Br, *1, •CH 2 R, -COR, •CF 2 R, -SnRa 

Two CO, NR3, PR3, AsRa, SbRa. OR 2 , SR 2 , Cl" Br", I", CN", H" 

Three NO, -PRa, •AsR 2 , -SR 


The coordination number of the metal atom is influenced by the way in 
which electron-donating groups satisfy the rare-gas rule. Thus, 36-electron 
species exist for iron with coordination numbers of four (dicarbonyl- 
dinitrosyliron), five (pentacarbonyliron), and six (diiodotetracarbonyliron). 
Of course, the configuration, bonding, and modes of reaction are influenced 
by the coordination number of the central atom in a complex. 

Polynuclear species, in particular binuclear ones, are common among the 
metal carbonyls and their derivatives. In the simplest instances, e.g., 
decacarbonyldimanganese, the only interaction between the two “halves” 
of the complex is a metal-metal bond; and in others, e.g., octacarbonyl- 
dicobalt, the bonding also involves “bridging” carbonyl groups, which are 
shared by both metal atoms (2). Bidentate donors can act as bridges, as in 
[(CO) 4 FeP(C 6 H 5 ) 2 CH 2 CH 2 (C 6 H 5 ) 2 PFe(CO) 4 ] { 11 , 12 ). In certain species, 
e.g., [FeS(CO) 3]2 ( 13 ) and [Fe(C 5 H 5 )P(CH 3 ) 2 CO ]2 ( 14 ), other groups link 
the halves of the complex. The bridged structures are usually consistent 
with the rare-gas rule, if one assigns to each of two metal atoms so joined 
one-half of the number of electrons which that ligand would donate to one 
acceptor atom. It should be pointed out that certain common bridging 





1B4 


T. A. MANUEL 


groups, such as RS • and R 2 P *, are radicals, often derived by cleavage of 
an initial reagent, in these cases possibly a dialkyl disulfide or tetraalkyl- 
biphosphine. (Alternatively they are anions, [RS]“ and [R 2 P]“, donating 
four instead of three electrons.) The metal-metal interaction may be 
approached by a consideration of central metal atoms of odd atomic number 
in the light of the rare-gas rule. Clearly, a whole number of pair-donating 
ligands can complete the electron shell of an atom of even atomic number, 
as is exemplified by the cases of the simple carbonyls of chromium, iron, 
and nickel. However, such atoms as manganese(O) (25 electrons) and 
cobalt(O) (27 electrons) must receive one electron in addition to those 
furnished in pairs. This requirement may be satisfied by the sharing of the 
odd electron on each atom with another such atom, thus giving a metal- 
metal bond, as in [Co 2 (CO) 8 ] and [Mn 2 (CO)io]. Other bridging groups may 
or may not be present, as in the former and the latter cases, respectively. In 
these substances the presence of a metal-metal bond produces diamag¬ 
netism, whereas absence of the metal-metal bond would cause para¬ 
magnetism. Thus, magnetic susceptibility provides a ready test for the 
presence of metal-metal interactions in compounds of appropriate stoichio¬ 
metry, provided one knows of the presence or absence of other bridging 
groups. This frequently is, in effect, a test for a monomeric or dimeric 
species, as in the case of [Mn(CO) 4 PR 3 ]ior 2 (^5). Evidence for metal-metal 
bonds from X-ray crystallographic studies is also well established (76). 

The donation of an odd number of electrons from another ligand may 
remove the need to suggest a metal-metal bond for atoms of odd atomic 
number and may require such a proposal for compounds of elements of even 
atomic number. Thus, tricarbonylnitrosylcobalt is a monomeric, dia¬ 
magnetic compound. On the other hand, a metal-metal bond must be 
postulated to explain the diamagnetism of the group of compounds of 
composition [FeSR(CO) 3]2 (7J) [Fe(0)-I-3CO-I-SR26 electrons-!-3 x 2 
electrons -I- 3 electrons = 35 electrons]. An X-ray study of the structure of 
[Fe(SC 2 H 5 )(CO) 3]2 has verified this proposal (76). Monomeric complex 
species with an over-all charge may also satisfy the rare-gas rule or at least 
attain diamagnetism. Thus, the metal atoms in the anions [Mn(CO) 5 ]“ and 
[Co(CO) 4 ]- (7, 2) and the cation {Co{CO) 2 [?{Celis) 2 ] 2 }^ (17) all have 
‘‘attained’* the krypton configuration. 

Consideration of the effective atomic number rule and the determination 
of coordination number by the electron-donating properties of ligands has 
led to the arranging of compounds in isostructural and/or isoelectronic 
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series, the members of which are often very similar in certain respects. The 
tetracoordinate groups of varying charge, [Fe(CO) 4 ]^“, [Co(CO) 4 ]~, and 
[Ni(CO) 4 ], exemplify one form of such a series. Another series of “pseudo¬ 
nickel carbonyls” is composed of [MnCO(NO) 3 ], [Fe(CO) 2 (NO) 2 ], 
[Co(CO) 3 (NO)], and [Ni(CO) 4 ] [18). The similarity in reactivity between a 
metal carbonyl and the cyclopentadienyl carbonyl one place to the left in the 
periodic table, e.g., [Co(CO) 4]2 and [Fe(C 5 H 5 )(CO) 2 ] 2 » has been noted [19). 
Many other such series may be constructed. The treatment of compounds 
related in these ways with bases frequently results in equivalent reactions. 

6 . Nature of the Bonding 

1. The Carbonyl Group 

Leaving aside the systematics of stoichiometry in metal carbonyl deriva¬ 
tives, one must consider the nature of the metal-ligand bond. Detailed 
discussions of the carbon-oxygen and metal-carbon bonds in the metal 
carbonyls have been given (70, 20) and reviewed (7, 2) in the past. We limit 
ourselves here to the generally accepted, qualitative conclusions. The 
carbon atom of a carbonyl group possesses an essentially Jp-hybrid lone 
pair of electrons. Although this lone pair shows virtually no sign of basicity, 
it is responsible for forming a cr-coordinate bond by overlap with a vacant 
transition metal hybrid orbital of the proper symmetry. The carbonyl group 
has in addition fairly low-lying 77 -antibonding orbitals, which overlap with 
filled nonbonding d orbitals of appropriate symmetry on the metal atom, 
thus forming a tt bond. The a bond, donating electron density to the metal, 
and the tt bond, removing electron density from the metal atom, provide a 
means for avoiding charge separation in the molecule as a whole and interact 
“synergically ” to strengthen one another. This combination of donor and 
acceptor properties gives carbon monoxide its remarkable power as a ligand 
for atoms with partly filled ^/-electron shells. The metal-carbon bond order 
in transition metal carbonyls, then, is expected to be greater than one. In 
valence-bond terms, since a carbon monoxide group with a triple bond 
between carbon and oxygen can form only a single bond between a metal 
and carbon, any metal-carbon double bonding must be accompanied by a 
decrease in the carbon-oxygen bond order. This may be expressed by the 
simple resonance picture [Eq. (1)] 

M:C:::o: ^ M;:C;:q; or M— Ot-o M C=-0 (1) 
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2. Other Ligands and the Metal Atom 

Most other ligands which are found in substituted metal carbonyls also 
possess both a-donor and 7r-acceptor properties. Some, including amines 
and ethers, which bond through first-row atoms lacking suitable low-lying 
empty orbitals, can function only as donors. Usually, these form less robust 
metal carbonyl derivatives than the ligands having some double-bonding 
properties. The acceptor abilities of such compounds as phosphines and 
arsines arise from empty d orbitals on the phosphorus or arsenic atoms. 
Nitrogen atoms in unsaturated heterocyclic compounds, such as 2,2'- 
dipyridyl, also possess acceptor properties. It will be recognized that the 
ligands most favorable for carbonyl complex formation are the class B 
ligands of Ahrland et aL {21), Generally, these other ligands are better 
a donors (more basic) but poorer acceptors than the carbonyl groups they 
replace. The order of a-donor power of ligands may be determined by 
well-known methods independent of transition metal coordination 
chemistry. The arrangement of ligands according to their 7r-acceptor 
properties by infrared measurements is discussed in a later section. 

Since the metal atoms under consideration accept cr donation into empty 
orbitals and utilize filled d orbitals for tt back-bonding, the electron density 
on any metal atom must give it a certain capacity for both u and tt bonding, 
in other words, a specific double-bonding ability. This effective electron 
density is determined initially by the position of the atom in the transition 
series and its valence state. However, considerations of symmetry may limit 
the formation of tt bonds (20, 22), 

The number of electrons in nonbonding d orbitals after the metal atom 
has accepted the a electrons from the ligands restricts the maximum number 
of TT bonds that can be formed, even if the symmetry requirements are met. 
Clearly, the presence of positive charge on an atom increases its acceptor 
ability and decreases its back-bonding ability; the opposite effects are 
produced by negative charge. As double bonding appears essential for the 
formation of the carbonyls and their derivatives, most of these compounds 
are found in low valence states. 

3. Competition between Ligands 

Since the ligands must in effect compete for the limited bonding poten¬ 
tialities of the central atom, the bonding between a metal atom and any one 
molecule must be affected by the nature of the other groups present. In this 
way the stability of a given metaHigand bond or a given complex depends 
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upon the interaction of the a- and 7r-bonding capabilities of the various 
ligands and the metal atom. For instance, in a hexacoordinate system, 
chromium(O), having accepted six pairs of electrons in a bonds, has six 
electrons in d orbitals available for back-bonding (three possible double 
bonds). Distributed among six ligands of identical bonding tendencies, as 
in Cr(CO)6, the electrons are sufpcient for a maximum metal-carbon bond 
order of 1.5. However, as carbonyl groups are replaced by ligands, such as 
phosphines, which are less-capable acceptors, the “double-bond character ” 
may become more concentrated in the remaining metal-carbon bonds; here 
the hypothetical maximum metal-carbon bond order of 2.0 would occur in 
a complex of type [Cr(CO) 3 L 3 ], in which L had no double-bonding 
propensity. This sort of effect, in reality a delicate compromise among many 
factors in each case, is observed not only in the matter of “stability,” but in 
infrared spectra and reaction mechanisms as well. These frequently stated 
concepts (i, 2, 20), superficially presented here, of the rare-gas rule and the 
possibility of metal-ligand double bonding, for which the various ligands 
compete, provide a framework into which one can fit much of the extensive 
experimental data on the metal carbonyl-base complexes. 

C. Infrared Spectra 

The infrared spectrum is doubtless the most widely reported feature of 
metal carbonyl complexes, aside from their composition. One of the factors 
making carbonyl chemistry an attractive field for a multitude of investigators 
in recent years has been the ease of monitoring reactions, identifying frac¬ 
tions, and detecting purity or the lack thereof by infrared spectroscopy. In 
addition to providing a means for distinguishing one compound from 
another and for recognizing structural similarities in groups of compounds, 
the infrared spectrum aids in estimating degrees of double bonding and 
molecular symmetry. Many of our data and concepts regarding the bonding 
in carbonyl complexes have been obtained from infrared spectroscopic 
studies. In fact, many of the reported carbonyl complexes have been 
prepared primarily for the sake of their infrared spectra. 

A general discussion of the infrared spectra of transition metal complexes 
has been published (2J). Although correlations of CO bending modes (24) 
and of band intensities (25, 26) have appeared and vibrations of other ligands 
are often noted, the number of CO stretching modes and their exact 
frequencies are the data most frequently cited for metal carbonyl com- 
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pounds. Experimentally, the effect of solvent upon band resolution and 
position must be taken into account (27, 27a); the most favorable solvents 
are generally saturated hydrocarbons, e.g., cyclohexane (27a). The sodium 
chloride prisms commonly found in infrared spectrophotometers may easily 
give misleading results; reliable data should be obtained with higher- 
resolution instruments utilizing gratings, or fluorite or lithium fluoride 
prisms (23). 

The symmetry properties of a molecule, which may be established for 
any given structure, determine the number (and type) of infrared-active 
vibrational modes which are expected for the vibrating groups (22). It is 

TABLE II 

Infrared-Active Carbonyl Vibrations in Octahedral 
Complexes 


Structure Symmetry Vibrations Number 


[M(CO)sL] 

04*; 

lAi + E 

3 

m-[M(CO)4L2] 

02y 

2Ai + + B 2 

4 

fra«j-[M(CO)4L2] 

Dak 

Eu 

1 

m-[M(CO)3L3] 

Czv 

Ai-hE 

2 

fram-[M(CO)3L3] 

Czv 

2Ai + El 

3 

C«-[M(C0)2L4] 

Czv 

Ai + Bi 

2 

^ranj-[M(CO)2L4] 

Dah 

Azu 

1 

[M(C0)L5] 

Cav 

Ai 

1 


customary in these predictions to regard the ligands as points, so that the 
over-all symmetry of the coordination polyhedron is considered. One 
sometimes observes coincidences of bands which should be separated and 
splittings of bands which should not be split; the latter phenomenon is 
often caused by the local symmetry of ligands, which were treated as points 
in the original calculation. Bearing these pitfalls in mind, one may frequently 
deduce the molecular configuration from the number of CO stretching 
vibrations. In practice this technique has been used quite extensively and 
successfully, the results being found in a multitude of papers dealing with 
the preparation of new complexes. 

We cite here a few papers particularly concerned with the analysis of 
infrared spectra, which summarize many data and present coherently the 
necessary reasoning (28-34b). The problem of assignment of a given band 
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to a vibration of a given symmetry type has been attacked through the use 
of arguments based on relative intensities (28) or local oscillating dipoles 
(J4), or by more powerful methods based on assumptions regarding the CO 
stretching force constants and their interactions (29, 31, 32, 33), 

Although complexes of various coordination numbers have been studied, 
those with an octahedral metal atom, including substituted Group VI 
carbonyls and manganese carbonyl halides and their derivatives, have been 

TABLE III 

Infrared-Active Carbonyl Vibrations in Tetracoordinate 
Complexes 


Structure Symmetry Vibrations Number 


[M(C0)3L] 


Tetrahedral 

Csv 

Ai + E 

2 

Square planar 

C2v 

2Ai-hBi 

3 

[M(C0)2L2] 

Tetrahedral 

Czv 

Ai+Bi 

2 

ar-Square planar 

C2v 

Ai-hBi 

2 

tran5-Square planar 

Dzh 

Bzu 

1 

[M(C0)L3] 

Tetrahedral 

Czv 

Ai 

1 

Square planar 

Czv 

Ai 

1 


most intensively analyzed. The octahedral system lends itself well to these 
treatments, since to a first approximation symmetry allows no mixing of the 
orbitals used in a bonding (d^t, Pxf Py> P^ with those used in tt 

bonding {d^y, dy^, 4^*) (31). Tables II, III, and IV summarize the infrared- 
active carbonyl vibrations for the various hexa- {28,29,31), tetra- (JO), and 
pentacoordinate (J5) structures. It should be obvious that the same results 
apply for bond-stretching frequencies of other ligands, e.g., the CN 
frequency in isonitrile derivatives (J5) or the NO frequency in nitrosyls 
(36). 

The CO stretching frequencies of metal carbonyl compounds are found 
between about 2150 and about 1650 cm~^; absorption below about 1850 
cm“^ is often indicative of bridging carbonyl groups, but the presence of 
ligands without Tr-acceptor properties, e.g., amines, may force terminal 
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carbonyl frequencies into this region (2, 32, 37), The CO stretching 
frequency depends upon the CO bond order, which in turn reflects metal- 
carbon double bonding, itself dependent upon the nature of other ligands 
present. Thus, the effect upon the CO frequency of replacing a carbonyl 
group by another ligand is a measure of the tt- and a-bonding capabilities 
of the ligand. Indeed, this is one of the main sources of our ideas regarding 


TABLE IV 

Infrared-Active Carbonyl Vibrations in Pentacoordinate Complexes 


Structure Symmetry Vibrations Number 


[M(C0)4L] 


Axial rectangular pyramid 

C4ti 

Ai-\-E 

2 

Equatorial rectangular 

Cs 


4 

pyramid 

Axial trigonal bipyramid 

Csv 

2Ai-\-E 

3 

Equatorial trigonal 

C2v 

2A\-\- Bi-\- B 2 

4 

bipyramid 




[M(C0)3L2] 




^rans-Rectangular pyramid 

C2v 

2Ai-\-Bi 

3 

cw-Rectangular pyramid 

c. 

2A'-\-A" 

3 

irawj-Trigonal bipyramid 

D^n 

E' 

1 

CIS-Trigonal bipyramid j 

\ C2v 

ic. 

2A\-\- B\ 
2A'-\-A" 

3 

3 

[M(C0)2L3] 




irans-Rectangular pyramid 

C2t> 

Ai-\-B2 

2 

CIS-Rectangular pyramid 

Cs 

2A' 

2 

irans-Trigonal bipyramid 

Dzh 

A 2 '' 

1 

cis-Trigonal bipyramid j 

\C2v 

\Cs 

Ai-\-B2 

A'i-A" 

2 

2 

[M(C0)L4] 

Any 

— 

1 


the TT-bonding tendencies of ligands {33, 36), Almost every paper devoted 
to metal carbonyl complexes comments upon the effect of substitution upon 
the CO stretching frequency. An additional influence is that of charge. In 
the isoelectronic, isostructural series [Fe(CO) 4 ] 2 -, [Co(CO) 4 ]~, [Ni(CO) 4 ], 
the CO frequency rises in the sequence 1786, 1887, 2057 cm“^ (38); the 
lower the negative charge, the lower the metal-carbon bond order, the 
higher the carbon-oxygen bond order, and the higher the CO frequency. 



Lewis Base>Metal Carbonyl Complexes 


191 


Electronegative substituents, such as halide ions or perfluoroalkyl groups, 
may raise the CO frequency above that in the unsubstituted carbonyls {39). 
Lewis bases on the other hand, being less good tt acceptors than carbon 
monoxide, lower the CO frequency when they replace carbonyl groups {31). 
The greater the degree of substitution, the greater the shift in frequency 
{29, 30, 31, 36). 

From the magnitudes of these effects orders of ligands with respect to 
77 bonding may be compiled. A recent article {36), combining new measure¬ 
ments with literature data, describes a series of ligands in descending order 
of 77 -acceptor ability: 

NO > CO > PF3 > SbCl3 > ASCI3 > PCI3 > PCI2OC4H9 

> PCI2OC2H5 > PCI2C6H5 > PBr 2 CH 3 > As(OCH 3)3 

> PCI(0C4H9)2 > As(OC2H5)3 > P(0C6H5)3 > PC1(C6H5)2 

> P-CH3C6H4NC > (CH3)3CNC > As(C5HioN)3 > As(C 6 H 5)3 

> P(C 6 H 5)3 > S(C 2 H 5)2 > P(CH 3)3 > P(C 2 H 5)3 

> o-C6H4[P(C2^15)2]2 > P(C5HioN) 3 > O“phenanthroline (o-phen) 

> diethylenetriamine (dien) 

The inductive and mesomeric effects of substituents upon the donor atom 
clearly must influence both its donor and acceptor properties {30,37,40,41). 
It is interesting to note that despite differences in their reactivity and the 
stability of their derivatives, the donor atoms sulfur, phosphorus, and 
arsenic (in comparable sulfides, phosphines, or arsines) appear to have 
essentially the same double-bonding capacity {42-45). Antimony and 
bismuth resemble arsenic and phosphorus in this respect {46). It has been 
suggested that isocyanides have equivalent a-donor power but much less 
77-acceptor power than carbonyl groups {47,48,49). Nitrogen in amines and 
oxygen in ethers have virtually no 77-acceptor properties {33). The donor- 
acceptor properties of the ligands are not constant, but vary with the nature 
of the central atom and its environment {49,50,51). Thus, although pyridine 
has some 77-acceptor ability, it is purely a donor in the complexes [M(CO) spy] 
(M = Cr, Mo, W), in which the five carbonyl groups accept all the available 
electron density; in the disubstituted compounds [M(CO)4(py)2], the 
pyridine does accept electrons {32). 

When both NO and CO are found in a molecule, as in [Co(CO)3NO], 
replacement of carbonyl groups by phosphines affects the stretching 
frequencies of the remaining CO and NO groups. In a low electron density 
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situation, NO and CO appear to be about equal in 7 r-acceptor properties; 
in circumstances of higher electron density, NO seems to be somewhat the 
better acceptor of the two (36), Application of force constant calculations 
rather than just frequencies to the estimation of Tr-bonding abilities has 
verified some of the qualitative conclusions (JO, JJ, 47, 48) and yielded some 
further ones (38). Phosphorus trifluoride is found to be a stronger tt acceptor 
even than CO. Acetonitrile possesses slight acceptor ability. Quite remark¬ 
ably, dimethylformamide and methylformamide appear to be tt donors 
rather than acceptors (JJ). Not all of the CO bands of a molecule are shifted 
to the same extent by substitution. When CO stretching frequencies are 
assigned, the effect of a ligand upon the frequencies of CO groups in specific 
geometric relationships to the ligand may be measured. It is found that in 
octahedral complexes a ligand affects most strongly the CO groups tram 
to it (28, 31, 52, 53). 

A dissent has been entered to some of the views on tt bonding and CO 
stretching frequencies. The CO stretching frequency in complexes of the 
type [Ni(CO) 4 _„(PR 3 )„] is a linear function of the polar constant a* of the 
group R. It has been concluded that the 7 r-acceptor property of PF 3 is 
essentially equal to that of PR3, both being very small. The phenomenon of 
CO stretching frequency variation is alleged to be due predominantly to 
differences in the (j-bonding capacity of the ligands (41), 


D. Reaction Mechanisms 

Although their number is steadily increasing, relatively few studies of 
reaction mechanisms have been concerned with metal carbonyl derivatives. 
Two methods are commonly employed to study the kinetics—exchange of 
radioactive carbon monoxide and infrared spectroscopy. The results of these 
investigations, which are discussed in the element-by-element survey, are 
satisfactorily explained in most cases by the familiar concepts of metal- 
ligand double bonding. Papers in this area have dealt with phosphine 
exchange in nickel carbonyl complexes (40); the carbon monoxide exchange of 
metal carbonyls (54), phosphine-substituted nickel carbonyls (55), metal car¬ 
bonyl halides (56). {RhCl 3 CO[P(C 6 Hs) 3 ] 2 } (57), and {RhClCO[P(C 6 Hs) 3 ] 2 } 
(58 ); the acid-induced carbon monoxide exchange of iron pentacarbonyl and 
its triphenylphosphine complexes (59); the isomerism of disubstituted 
manganese pentacarbonyl bromide (60, 61); the reactions between man- 
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ganese pentacarbonyl halides (62) or their monosubstituted derivatives (63) 
and bases; and the reactions between triphenylphosphine and acyl (64), 
77-allyl (65), and other (66) derivatives of cobalt carbonyl. The great majority 
of these reactions proceed by dissociative mechanisms. Studies of the direct 
reaction between Group VI hexacarbonyls and ligands are discussed in 
Section III, C. 

£, Other Physical Techniques 

Other physical techniques have been applied less extensively than 
infrared spectroscopy. Dipole moments are frequently employed to 
determine configurations and charge transfer in bonds. Proton nuclear 
magnetic resonance spectra have been used to detect protonated species 
(67, 6S) and have been of great utility in showing the existence and nature of 
isomers of certain bridged complexes, e.g., [Fe(SCH 3 )(CO) 3]2 (69) and 
[Mo(C 5 H 5 )P(CH 3 ) 2 (CO) 2 ] (70). In such cases the hydrocarbon groups may 
be in equivalent or nonequivalent positions, depending upon the molecular 
configuration. The environment is, of course, reflected in the degree of 
simplicity and symmetry of the NMR pattern. The presence and relative 
magnitude of P—P coupling in complexes of tris(dimethylamino)phosphine 
has been inferred from the shape of the methyl resonances. This work 
suggests that P—P coupling is significant between phosphorus atoms only 
if they are trans to one another in octahedral or trigonal bipyramidal 
complexes (71). 

Phosphorus-31 NMR spectra have been reported for a number of nickel 
carbonyl complexes and some qualitative correlations have been drawn 
concerning the Ni—P bond order (72). The use of magnetic susceptibility 
measurements has already been mentioned. Most metal carbonyl complexes 
are diamagnetic, however. Mossbauer effect studies of iron carbonyl and 
its derivatives have included base-substituted compounds (7J, 74, 75). 
Workers have constructed a table of additive partial isomer shift values for 
a number of ligands, finding that lone pair donors with negligible Tz-acceptor 
power have essentially zero effect on the isomer shift, whereas Tz-bonding 
ligands do contribute significantly (7J). The isomer shift is identical for the 
cu and trans isomers of [Fe(C 5 H 5 )P(CH 3 ) 2 (CO )]2 and its arsenic analog (75). 
Single-crystal X-ray studies, which have confirmed crucial concepts of the 
structure and bonding in metal carbonyls and their derivatives, are men¬ 
tioned in later sections where appropriate. 
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III 

SURVEY OF REPORTED COMPOUNDS 

A. Common Aspects 

Since the synthetic approach has dominated much of the work in the area 
covered by this review, of many compounds little more may be said than 
that they exist. The remainder of this article surveys the compounds 
reported, with emphasis upon the methods of preparation. Where structures 
are indicated, unless it is otherwise remarked, one may assume that infrared 
spectroscopy and possibly dipole moment studies or NMR spectroscopy 
have provided the evidence for the formulation. It hardly seems necessary to 
repeat these phrases in every case. Unless designated as paramagnetic, the 
complexes are diamagnetic. The vast majority obey the rare-gas rule. 

Among methods of preparation, the direct reaction between a metal 
carbonyl and the ligand has been by far the most common. The effects upon 
this approach of solvent, temperature, and ultraviolet irradiation are 
profound. Indirect synthetic methods have been employed in a number of 
cases. Relatively little is known about subsequent reactions of most of the 
complexes, save oxidation and ligand exchange. Oftentimes the only 
chemical property reported for these compounds is an ill-defined “ stability,’’ 
which usually refers to the abandon with which they may be handled in the 
ordinary laboratory. The compounds are usually solids, white, yellow, 
orange, or red in color, although other colors are sometimes seen. When the 
molecular weight is low enough, the nonionic species are sublimable. 
Sublimation, chromatography, and crystallization are the ordinary methods 
of purification. In the section on infrared spectroscopy the order of ligands 
according to 7r-acceptor properties has been discussed. For any metal atom 
there seems to be some especially stable combination of ligands, balanced 
according to their cr- and 7r-bonding capacities and those of the metal. As a 
group, tertiary phosphines form the greatest number of stable complexes; 
chelation confers extra stability. Steric as well as electronic effects may limit 
the extent of reactions and influence configurations. As discussed before, 
the strength of the remaining metal-carbon bonds is normally increased by 
the introduction of ligands other than carbon monoxide, so successive 
replacements of CO become progressively more difficult. Only rarely can 
all of the CO in a molecule be displaced directly. One is tempted to conclude 
that any combination of ligands may appear in a metal carbonyl complex 
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and that devising a suitable method of synthesis is the sole problem. The 
following pages may be construed as evidence for this hypothesis. 

6. Vanadium 

The paramagnetic hexacarbonylvanadium is the only unsubstituted 
carbonyl known of a Group V element. Because the compound is one 
electron short of the krypton configuration, it is very easily reduced to the 
[V(CO)6]“ anion. Valence changes also occur easily, when carbonyl groups 
are replaced by other electron-pair-donating ligands. Reactions of V(CO)6 
with nitrogen and oxygen donors (76, 77), triphenylphosphinemethylene 
(77) and triphenylphosphineimine (77) lead to disproportionation to 
products having no mixed base-carbonyl ions. Triphenylphosphine in ether 
also causes disproportionation of the hexacarbonyl, giving the substituted 
anion [V(CO) 5 P(C 6 H 5 ) 3 ]“, but in benzene these reagents lead to the zero- 
valent {V(C0)4[P(C6H5)3]2} (76). In hexane as well, triphenyl-, triethyl-, 
and tripropylphosphine lead to the paramagnetic ^r^ 2 «i-[V(CO) 4 (PR 3 ) 2 ] 
species (78, 79). However, tricyclohexylphosphine under the same con¬ 
ditions gives a diamagnetic tetracarbonylbis(phosphine) compound, shown 
by infrared to exist in solution in a monomer-dimer equilibrium {78). The 
cyclohexyl compound is the most basic phosphine, with the least 7r-acceptor 
power, so excess negative charge accumulates on the vanadium atom, and 
dimerization represents a way of distributing this charge {78). The tetra- 
carbonylbis(triphenylstibine) and -(triphenylarsine) compounds of vanad¬ 
ium, though observed, cannot be isolated (79). The chelating ligand o- 
phenylenebis(dimethylarsine) (diarsine) reacts with [V(CO)6] to give a dimer 
[V(CO) 4 (diarsine )]2 which is converted by iodine into the heptacoordinate 
species [VI(CO) 4 (diarsine)] {79a). 

Treatment of {V(CO) 4 [P(C 6 H 5 ) 3 ] 2 } with sodium amalgam leads 
to the replacement of phosphine by carbon monoxide, forming the 
[V(C0)5P(C6H5)3]“ anion (76, 79); acidification then gives the hydride 
[VH(C0)5P(C6H5)3] (76) which is less acidic than [VH(CO)6] itself (77), 
Thus the triphenylphosphine, a poorer acceptor than carbon monoxide, 
has made the central atom more basic. 

Phosphine, phenylphosphine, or diphenylphosphine and [V(CO)6] in 

(CO)4VCC >V(CO)4 

p 

R-^ ^R' 

(I) (R, R' = H. QH,) 
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hexane give the compounds (I) with loss of hydrogen. In the case of 
diphenylphosphine, in the absence of solvent one may observe [V(CO )4 
P(C 6 H 5 ) 2 H], typical of the intermediates in the synthesis of the bridged 
compounds (78). Vanadium hexacarbonyl and nitric oxide give no stable 
products (76, 80), but tetracarbonylbis(triphenylphosphine)vanadium 
reacts with nitric oxide to give the stable, diamagnetic [V(CO) 4 (NO) 
P(C 6 H 5 ) 3 ] (80), Frequently (triphenylphosphine)(nitrosyl) carbonyls are 
more stable than simple nitrosyl carbonyls. 

C Chromium^ Molybdenum, and Tungsten 
1. The Direct Reaction between the Carbonyls and Bases 

The reactions between the Group VI hexacarbonyls and Lewis bases 
have been extensively investigated. Contributing to the interest of so many 
workers have been the commercial availability of the carbonyls, their 
considerable stability and that of many of their derivatives, and the suit¬ 
ability of a hexacoordinate system for application of theory to results. 
Ligands bonding through nitrogen, phosphorus, arsenic, antimony, 
bismuth, oxygen, and sulfur have given Group VI metal carbonyl deriva¬ 
tives, most of which have been isolated, although some have been detected 
only spectroscopically, particularly the oxygen-bonded species. The great 
majority of these complexes have been prepared by the direct reaction of the 
Ugand with the carbonyl, initiated either thermally or by ultraviolet light. 
However, with monodentate ligands it is often difficult to replace more than 
two carbonyl groups directly, A fruitful method for securing the more 
highly substituted compounds is the treatment of a tricarbonyl(arene)metal 
complex with the ligand. Other indirect methods, including ligand exchange, 
have been used. Table V lists the simple substitution products [M(CO) 6 _«L„] 
which have been reported for the carbonyls of chromium, molybdenum, and 
tungsten. To simplify the format, one molecule of chelating bidentate or 
tridentate ligand is referred to as L 2 or L 3 ; species bridged by bidentate 
ligands are called “binuclear.” 

The ultraviolet-light-initiated reaction of bases with the hexacarbonyls 
has been carefully studied by Strohmeier and his group {88, 89, 90, 92, 96, 
99, 104, 105, 133-139a). It has been shown that the hexacarbonylmetal is 
excited and loses carbon monoxide to give a pentacarbonylmetal inter¬ 
mediate, which is rapidly attacked by a donor molecule {134, 137), The 
quantum yield is one for the preparation of the monosubstituted com- 



TABLE V 

Simple Substitution Products of the Group VI Hexacarbonyls' 


Ligand 

Metal 

[M(C0)5L] 

rM(CO)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

NHs 

Cr 

81 

_ 

81, 83, 86 

_ 


Mo 

82 

— 

81, 82, 84 

— 


W 

82 

— 

81, 82, 85 

— 

C 6 H 11 NH 2 

Cr 

32 

— 

— 

— 


Mo 

32 

— 

— 

— 


W 

32 

— 

— 

— 

C 6 H 5 NH 2 

Cr 

87, 88 

— 

— 

— 


W 

89 

— 

— 

— 

P-H 2 NC 6 H 4 NH 2 

Cr 

Mo 

pj’ j- binuclear 

90 

— 

— 


W 

82 

— 

— 

— 

m-H2NC6H4NH2 

Cr 

87 binuclear 

— 

— 

~ 

o-H2NCflH4NH2 

Cr 

87 

— 

— 

— 

S-C6H3(NH2)3 

Cr 

87 

— 

— 

— 

C6Hio(NH2)2 

Cr 

87 

— 

— 

— 
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Ligand 

Metal 

[M(C0)5L] 

[M(C0)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

(C2H5)3N 

Cr 

92 

_ 




W 

92 

— 

— 

— 

CsHioNH 

Cr 

92 

92 

_ 

_ 

(piperidine) 

Mo 

92 

92 

— 

— 


W 

92 

92 

— 

— 

H 2 NC 2 H 4 NH 2 

Cr 

Mo 

— 

32 

32 

^ j- binuclear 

— 


W 

— 

32 

— 

— 

HN(CH2CH2)2NH 

(piperazine) 

Mo 

W 

binuclear 

— 

93 

— 

H 2 NCH 2 CH 2 NHCH 2 CH 2 NH 2 

Cr 

_ 

_ 

32 , 37 , 94 

_ 

(diethylene triamine) 

Mo 

— 

— 

32 , 37 , 84 

— 

(dien) 

W 

— 

— 

32 , 37 

— 

CsHflNa 

Cr 

_ 

95 

_ 

_ 

(2-methylpyrazine) 

Mo 

— 

95 

— 

— 

R 2 NCH 2 NR 2 

Mo 

_ 

95 

_ 

_ 

(tetraalkylmethylene diamines) 






(CH2NR)3 

Mo 

95 

— 

95 

— 

C 4 H 8 NH 

Mo 

93 

93 

_ 

_ 

(pyrrolidine) 

W 

93 

93 

— 

— 
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0 (CH 2 CH 2 ) 2 NH 

Cr 

93 

— 

— 

— 

(morpholine) 

Mo 

93 

93 

93 

— 


W 

93 

93 

— 

— 

C 5 H 5 N 

Cr 

87 , 91 , 32 , 88 , 98 

32 

86 , 97 

_ 

(py) 

Mo 

32 , 96 

32 , 96 , 82 

— 

— 


W 

32 , 89 , 82 

32 , 89 , 82 

— 

— 

(CH3)2C5H3N 

Cr 

99 

_ 

_ 

_ 

( 2 , 6 -lutidine) 

4 -CIC 5 H 4 N 

Cr 

99 

— 

— 

— 

C 9 H 7 N 

Cr 

99 

_ 

_ 

_ 

(quinoline) 

Mo 

95 

— 

— 

— 

C 9 H 7 N 

Cr 

99 

— 

_ 

_ 

(isoquinoline) 

H 2 NC 5 H 4 N 

Mo 

— 

90 

90 

_ 

(4-aminopyridine) 

W 

— 

— 

— 

— 

HaNCgHeN 

Cr 

— 

95 

_ 

_ 

(S-aminoquinoline) 

C 10 H 8 N 2 

Cr 

— 

32 , 95 , 100-103 

_ 

_ 

( 2 , 2 '-dipyridyl) 

Mo 

— 

101 , 32 , 95 , 102 

— 

101 

(dipy) 

W 

— 

32 , 82 , 102 , 101 

— 

101 

C 12 H 8 N 2 

Cr 

— 

101 , 86 

_ 

_ 

(o-phenanthroline) 

Mo 

— 

— 

— 

101 

(o-phen) 

W 

— 

— 

— 

101 
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Ligand 

Metal 

[M(C0)5L] 

[M(C0)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

CHsCN 

Cr 

105,107, 108 

107, 108 

106, 108 

_ 


Mo 

107, 108 

104, 107, 108 

106, 107, 108 

— 


W 

52, 104, 107, 108 

104, 107, 108, 52 

106, 107, 108, 52 

— 

CeHsCN 

Cr 

105 

— 

— 

— 


Mo 

W 

— 

— 

— 

— 

C 2 H 3 CN 

Cr 

108 

108 

_ 

_ 


Mo 

108 

108 

108 

— 


W 

108,109, no 

108, no 

108, no 

— 

Dipy or o-phen + NHa 

Cr 

— 

— 

81 

— 


Mo 

— 

— 

81 

— 


W 

— 

— 

81 

— 

Dipy + py, P(C 6 H 5 ) 3 , or S(C 6 H 5)2 

Mo 

— 

— 

111 

— 

CH 3 NC 

Cr 

— 

— 

86, 49 

— 


Mo 

47 

47 

47,49 

— 

C 2 H 5 NC 

Mo 

47 

47 

47 

— 

CbHsNC 

Cr 

— 

— 

86 

— 


Mo 

48 

48 

48 

— 

CH 3 OC 6 H 4 NC 

Cr 

112 

— 

86 

— 


Mo 

112 

.— 

49 

— 


W 

112 

— 

— 

— 
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/)-CH3C6H4NC 

Cr 

— 

— 

49 

— 


Mo 

— 

— 

49 

— 

P(CH3)3 

Mo 

29, 117 

29, 117 

29, 117 

— 

P(C2H5)3 

Cr 

29 

29 

29 

_ 


Mo 

29, 116, 117 

29, 116, 117 

29, 117 

117 


W 

29 

29, 116 

29 

— 

P(C4H9)3 

Cr 

115 

— 

— 

— 

P(C6H5)3 

Cr 

114,115 

113, 115 

37 

_ 


Mo 

29, 114, 115, 117 

113, 117, 29 

37, 84, 117, 29 

— 


W 

114, 115 

113 

37 

— 

PCI 2 C 6 H 5 

Mo 

— 

— 

37 

— 

P(CH2CH2CN)3 

Cr 

114, 115 

— 

— 

— 

P[N(CH3)2]3 

Cr 

71 

71 

_ 

_ 


Mo 

71 

71 

— 

— 


W 

— 

71 

__ 

— 

PBr2CH3 

Mo 

29, 117 

29, 117 

29, 117 

— 

P(0CH3)3 

Mo 

29, 117 

29, 117 

29, 117 

29 

P(0C2H5)3 

Mo 

29, 117 

29, 117 

29, 116, 117 

117 

P(0C4H9)3 

Cr 

— 

115 

115 

_ 
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Ligand 

Metal 

[M(C0)5L] 

[M(C0)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

P(0C6H5)3 

Cr 

114, 115 

114, 115 

114, 115 



Mo 

29, 115, 117 

29, 115, 117 

29, 115, 117 

— 

P(0CH2)3CCH3 

Cr 

117a 

117a 

— 

— 


Mo 

117a 

117a 

— 

— 


W 

117a 

117a 

— 

— 

PCl2(OC2H5) 

Mo 

29, 117 

29, 117 

29, 117 

29 

PC 13 

Cr 

29 

29 

_ 

_ 


Mo 

29, 117 

29, 117 

37, 117,29 

29 


W 

29 

29 

— 

— 

PF2(0R) 

Mo 

— 

— 

118 

— 

(R = C3H7. CeHs) 

PF(02C6H,) 

Mo 

— 

— 

118 

— 

PF 2 NR 2 

Mo 

— 

— 

119 

119 

(R = CH 3 . C 2 H 5 ; R 2 = C 5 H 10 ) 

PF 2 CH 2 CI 

Mo 

— 

— 

120 

— 

PF 3 

Cr 

— 

121 

121, 121a 

121 


Mo 

121b 

121, 121b 

121, 121b 

121, 121b 
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[P(C6H5)2]2C2H4 

Cr 

— 

122, 123 

123'\ 

122, 123 

(diphosphine) 

Mo 

— 

122, 123 

123 1 binuclear 

122, 123, 124 


W 

— 

122, 123 

123] 

122, 123 

[P(C6H5)2]2CH2 

Cr 

— 

122 

— 

122 


Mo 

— 

122 

— 

— 


W 

— 

122 

— 

— 

[P(C2H5)2]2C2H4 

Cr 

— 

122 

_ 

122 


Mo 

— 

122 

— 

— 


W 

— 

122 

— 

— 

0-[P(C2H5)2]C6H4 

Cr 

— 

122 

_ 

122 


Mo 

— 

122 

— 

122 


W 

— 

122 

— 

122 

P(C6H5)[C6H4P(C2H5)2]2 

Cr 

— 

— 

122 

_ 


Mo 

— 

— 

122 

— 


W 

— 

— 

122 

— 

CH3C[CH2P(C6H5)2]3 

Cr 

— 

— 

122 

_ 


Mo 

— 

— 

122 

— 


W 

— 

— 

122 

— 

P(C6H5)[CH2CH2P(C6H5)2]2 

Cr 

— 

— 

122 

_ 


Mo 

— 

— 

122 

— 


W 

— 

— 

122 

— 

P2(CH3)4 

Cr 

125a, 126 1 

— 

_ 

_ 


Mo 

125, 125a, 126 

' binuclear — 

— 

— 


W 

125, 125a, 126 j 

— 

— 

— 


hO 

o 

Ui 
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Ligand 

Metal 

rM(CO)5L] 

[M(C0)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

P2(C2H5)4 

Mo 

"I binuclear 





W 

125 J 




As(C2H5)3 

Mo 

127 

127 

127 

— 

As(C6H5)3 

Cr 

114, 115 

— 

32 

— 


Mo 

127 

127 

37, 84 

— 


W 

— 

— 

37 

— 

As(C5HioN)3 

Mo 

127 

127 

— 

— 

As(OCH3)3 

Mo 

127 

127 

127 

— 

AsCls 

Cr 

— 

— 

— 

— 


Mo 

W 

127 

127 

37 

— 

AS2(CH3)4 

Cr 

126'\ 

polymeric 

_ 

_ 


Mo 

125 > binuclear 

— 

— 


W 

125] 

— 

— 

— 

{0-[As(CH3)2]2C6H4} 

Cr 

— 

128, 129 

— 

128, 129 

(diarsine) 

Mo 

— 

128, 129 

— 

128, 129 


W 

— 

128, 129 

— 

128, 129 

0-'[As(C2H5)2]2C6H4 

Cr 

— 

— 

— 

37 


Mo 

— 

— 

— 

37 


W 

— 

— 

— 

37 
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[As(C6H5)2]2C2H4 

Cr 

— 

130 

— 

130 


Mo 

— 

130 

\ binuclear 

130 


w 

— 

130 

130 J 

— 

CH3C[CH2As(CH3)2]3 

Cr 

— 

— 

130a 

— 


Mo 

— 

— 

130a 

— 


W 

— 

— 

130a 

— 

Sb(C2H5)3 

Mo 

46 

46 

46 

— 

Sb(C6H5)3 

Cr 

114, 115 

— 

37 

— 


Mo 

46 

46 

37 

— 


W 

— 

— 

37 

— 

SbCl(C2H5)2 

Mo 

46 

— 

— 

— 

SbCl(C2H5)2 + Sb(C2H5)3 

Mo 

— 

— 

46 

— 

SbCl3 

Mo 

— 

— 

37 

— 

Bi(C2H5)3 

Mo 

46 

46 

— 

— 

Bi(C6H5)3 

Mo 

46 

— 

— 

— 

(CH3)2NCH0 

Mo 

52 

— 

— 

— 


W 

52 

52 

— 

— 

CH 3 COCH 3 , (C 2 H 5 ) 20 , C 2 H 5 OH 

W 

52 

— 

— 

— 

(C 3 H 7 ) 20 , CH 3 NHCHO, CeHisOH 

Mo 

52 

— 

— 

— 

(CH 3 ) 2 S 0 or (C 6 H 5 ) 3 P 0 

Mo 

— 

— 

84 

— 
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Ligand 

Metal 

[M(C0)5L] 

[M(C0)4L2] 

[M(C0)3L3] 

[M(C0)2L4] 

(CH 30 CH 2 CH 2)20 

Mo 

— 

— 

131 

— 

S(CH3)2 

Mo 

— 

— 

44, 132 

— 

S(C2H5)2 

Mo 

127 

127 

44, 127 

— 

S(CH2)4 

Mo 

— 

— 

44, 132 

— 

SC(NH2)2 

Mo 

— 

— 

44 

— 

CH 3 SCH 2 CH 2 SCH 3 

Cr 

— 

45 

_ 

_ 


Mo 

— 

45 

— 

— 


W 

— 

45 

— 

— 

(CH3CH2SCH2CH2)2S 

Cr 

— 

45 

_ 

_ 


Mo 

— 

45 

— 

— 


Italic numbers are references. 
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pounds {133y 137)^ but less than one for the preparation of the disubstituted 
materials {137, 139). The excited [M(CO) 5 L] molecule can lose either a 
carbonyl group or the molecule L, only the first mode of reaction then 
leading to the disubstituted species [Eq. (2)] {137, 139). 

h. L^[M(C0)4L]* [M(C0)4L2] 

[M(CO),L] -> [M(CO),L]* ^ , (2) 

[M(CO),]* -^ [M(C0)5L] 

The carbon monoxide present in the solution may also react with the 
products or the coordinatively unsaturated species, effectively reversing the 
reaction {137, 138). The differences in the behavior of the three carbonyls 
and the effect of solvent have been noted, so that one may choose the proper 
conditions for obtaining the desired product {137, 138, 139). For hexa- 
carbonylchromium and -tungsten, the order of reactivity of donors is 
pyridine > tetrahydrofuran > triethylamine > acetonitrile > 1,3-cyclohexa- 
diene > ethyl acetate > acetone > tolane. In the case of hexacarbonyl- 
molybdenum, acetonitrile and tolane are advanced in the series {138). 
Other workers have studied the photochemical reaction of [Mo(CO)6] with 
nitriles {107). The infrared spectrum of irradiated hexacarbonylmetal 
glasses at —180° C indicates the presence of the (tetragonal pyramidal) 
[M(C0)5] species; in the case of molybdenum, this rearranges at — 155°C 
to the D^h (trigonal bipyramidal) structure {140). 

Great use has been made of infrared spectra {28, 29, 31, 32, 33, 46, 47, 
48, 52, 107,108,116, 117, 127) in assigning configurations to the Group VI 
metal complexes, as indicated in Section II, C. The vibrations of bonds 
within the donor molecules have been used to deduce their mode of attach¬ 
ment. A lowering of the NH frequency in morpholine complexes, compared 
to that of the free ligand, has been cited as evidence for bonding to the meta 
through nitrogen rather than oxygen {93). The shift to higher frequency of 
the CN vibration in the infrared spectra of nitrile derivatives has been taken 
to show nitrogen-metal bonding {52, 108, 109, 110). Nuclear magnetic 
resonance data are in agreement with this conclusion {108, 110). Interest¬ 
ingly, although the mono- and disubstituted acrylonitrile derivatives of 
the hexacarbonyls appear to have nitrogen-metal bonds {108, 109, 110), 
tricarbonyltris(acrylonitrile)tungsten and -molybdenum appear to have 
olefin-metal bonding instead {108, 110). 

A few general comments on the nature of the [M(CO)6_„L„] complexes 
are in order; most demonstrate the principles cited in Section II. Bonding 
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through phosphorus and arsenic generally confers greater stability than 
does bonding through nitrogen or oxygen. It becomes increasingly difficult 
to displace additional carbonyl groups as the degree of substitution in¬ 
creases. Most of the [M(C0)4L2] and [M(CO) 3 L 3 ] complexes are found in 
the cis form, although the trans form has been isolated in a few cases {108, 
110,116,117,122),Cts-trans isomtnz3.tion in solution has been noted (i22), 
as has disproportionation of [M(CO) 5 L] or [M(CO) 3 L 3 ] to [M(CO) 4 L 2 ] 
species {115), 

Chelating ligands normally react with the Group VI carbonyls to give 
more ready substitution to a greater degree and more stable derivatives than 
do their monodentate analogs. The first such ligand to gain prominence was 
Nyholm’s “diarsine” [o-phenylenebis(dimethylarsine)] {128, 129). Also 
studied have been di- and tri(tertiary phosphine) {122, 123) and di- and 
tri(tertiary arsine) donors {130, 130a). The chelating bases have given 
numerous [M(CO) 2 L 4 ] species, whereas with only a few monodentate 
ligands, e.g., P(OC 2 H 5 ) 3 , can one go past the trisubstituted compounds. 
Tris(dimethylamino)phosphine, even in reactions with tricarbonyl(cyclo- 
heptatrienyl)metal complexes, gives only the products [M(CO) 4 L 2 ] {71). 
Also worthy of note are the bridged species [M 2 (CO) 6 L 3 ], formed with both 
l,2-bis(diphenylphosphino)ethane and its arsenic analog {123, 130). 

The reaction of 2,2'-dipyridyl with the metal hexacarbonyls normally 
produces only the tetracarbonyl(dipyridyl) derivatives {102). The sub¬ 
sequent reaction of these complexes with monodentate ligands gives 
tricarbonyl(ligand)(dipyridyl) complexes, in which a carbonyl group cis to 
the dipyridyl has been replaced. It has been suggested that the known 
difficulty of replacing carbonyls trans to a less strongly 7r-bonding group 
makes preparation of dicarbonylbis(dipyridyl)metal compounds impossible 
{111)> However, under very drastic conditions it is possible to replace four 
carbonyl groups with two molecules of dipyridyl {101). In the case of 
chromium, the dicarbonyl compound then disproportionates to tris(di- 
pyridyl)chromium and the tetracarbonyl(dipyridyl) compound {101). 

The use of liquid ammonia well above its normal boiling point as a solvent 
and reactant has been fruitful. The metal hexacarbonyls themselves have 
afforded the complexes [M(CO) 3 (NH 3 ) 3 ] (M = Cr, Mo, W) and [Cr(CO )5 
NH3] {81). The tetracarbonyl(dipyridyl)metal complexes of chromium, 
molybdenum, and tungsten and their (o-phen) analogs react with liquid 
ammonia to give very air-sensitive compounds, such as [M(CO) 3 (dipy) 
(NH3)], which finally yield mainly [M(CO)3(NH3)3] {81). The [M(CO )4 
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(dipy)] species react with potassium cyanide in liquid ammonia to give the 
[Cr(CN)2(CO)4]2- and [M(CN) 3 (CO) 3 ]^- (M = Mo, W) anions {81). 

An interesting group of complexes is formed by treatment of the metal 
carbonyl with biphosphines or biarsines of the form R 2 EER 2 with E = P, As; 
and R — CH3, C2H5, C^Hs {125, 126), At 180°~200°C one obtains com¬ 
pounds of the type [(CO) 5 MR 2 EER 2 M(CO) 5 ], which are analogous to the 
simple [M(C0)5L] compounds. This type is known for chromium [ER 2 = 
P(CH 3)2 {125a, 126), As(CH 3)2 {126)], molybdenum [ER 2 = P(CH 3)2 
{125, 125a, 126), P(C 2 H 5)2 {125), As(CH 3)2 {125, 126)], and tungsten 
[ER 2 = P(CH 3)2 {125, 125a, 126), P(C 2 H 5)2 {125), As(CH 3)2 {125, 126)]. 
From tetramethylbiarsine a class of polymers of formula [M(CO) 4 As 2 
(CH 3 ) 4 ]„ is also obtained (M = Cr, n = 13; M = Mo, n = 20) {126). On the 
other hand, at higher temperatures, after longer times, the E—E bond is 
cleaved, and the consequent derivatives of composition [M(C 0 ) 4 ER 2]2 
contain -ER 2 functioning as a three-electron bridging group. In the resulting 
structure (II), which may be slightly folded on the E—E line, a metal-metal 


CO R. CO 



CO R, CO 
(ID 


bond is postulated to explain the observed diamagnetism {125). This type of 
complex is known for chromium [ER 2 = P(CH 3)2 {125, 125a, 126), 
P(C 2 H 5 ) 2 (i 25 )], molybdenum [ER2 = ?{CU:i)2{126,125a), P{C2iis)2{125), 
As(CH 3)2 {125,126), As(C 6 H 5)2 {125)], and tungsten [ER 2 - P(CH3)2 {125, 
125a, 126), P(C 6 H 5)2 {125), As(CH 3)2 {125, 126)]. 

A few derivatives are known in which the Group VI metal has been 
oxidized by an oxygen-containing ligand. Treatment of hexacarbonyl- 
molybdenum with sulfur trioxide in liquid sulfur dioxide forms pyro- 
sulfato(tetracarbonyl)molybdenum, {Mo[ 0 (S 03 ) 2 ](CO) 4 }, as an air-stable, 
hygroscopic molybdenum(II) compound, which may be polymeric {141). 
Treatment of hexacarbonylchromium with diphenylphosphinic acid yields 
a number of species of varying molecular weight, formulated as (HI) {142). 
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(III) (R = C6H3;n = l,7) 

2. Indirect Methods of Synthesis 

The oxidation by water of the Group VI carbonylmetallate ions in the 
presence of cyanide ion has been shown to give complex ions containing 
chromium(O), e.g., [MCN(CO) 5 ]- and [M(CN) 2 (CO) 4 ]^- {82, 103). When 
the carbonylmetallate ions are thus oxidized in the presence of bases, 
substituted carbonyls of the zero-valent metal are formed. Complexes 
prepared in this way include [M(CO) 5 NH 3 ], M = Mo, W {82) \ [M(CO )3 
(NH 3 ) 3 ], M - Cr {83, 86), Mo {82, 84), W {82, 85); [Mo(CO) 3 (dien)] {84); 
[M(CO) 3 (en) 3 M(CO) 3 ], M - Cr {83), Mo {84); [M(CO) 5 (RNH 2 )], M = Cr 
{87, 91), Mo {91), W {82); [M(CO) 5 (py)], M = Cr {100), W {82); [M(CO )4 
(py) 2 ], M = Mo {82), W {82); [M(CO) 4 (dipy)], M = Cr {100, 103), W {82). 

3. Halogenation of the Simple Complexes 

Besides ligand exchange and further substitution (not to mention 
decomposition), few reactions have been noted for these complexes. One 
interesting example is halogenation, first studied by Nyholm in the case of 
diarsine complexes {143, 144). The products are sometimes novel seven- 
coordinate species, depending on conditions [Eqs. (3-10), diarsine = D] 
{143, 144). The tendency to lose carbon monoxide in these reactions 

Xa 

[Mo(CO)4D]-^ [MoX2(CO)3D] (3) 

(X = Br, I) 

Xa (X=Br, I) 

[Mo(CO)2D2]-^ [MoX(CO)2D2]+X- (4) 

CHCh 

la 

[Mo(CO) 4 D]-> [Mol 2 (CO) 2 D] (5) 

Boiling CCI 4 

la 

[Mo(CO) 4 D]-> [Mol3(CO)2D] 


Boiling CHCh 


( 6 ) 
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l2 SO2 

[W(C0)4D]-> [WI(CO)4D]+l3--[WI(C0)4D]+I- (7) 

CHCI3 or CeHe 

Br2 Br2 

[W(C0)4D]-> [WBr 2 (CO) 3 D]-[WBr 2 (CO) 3 D]+Br- (8) 

Xa 

[W(C0)2D2]-> [WX(C0)2D2]-^X- (9) 

(X=Br, I) 

Xa 

[Cr(CO) 2 D 2 ]-> [CrX(CO) 2 D 2 ]X- (10) 

(X=Br, I) 

decreases in the order Cr > Mo > W. Thus, treatment of tetracarbonyl- 
(diarsine)chromium with halogen leads only to decomposition {144). How¬ 
ever, careful halogenation of dicarbonylbis(diarsine)chromium leads to 
mixed-seven-coordinate complexes like those of molybdenum and tung¬ 
sten {144a). 

The same type of behavior has also been noted for the dipy ridy 1 complexes. 
Again, [Cr(CO) 4 (dipy)] yields no isolable products on treatment with 
halogen, but the molybdenum and tungsten compounds do [Eq. (11)] {102). 

Xa 

[M(CO) 4 (dipy)]-> [MX 2 (CO) 3 (dipy)] (M = Mo, W) (11) 

X=Br, I 

Similarly, iodination of tetracarbonyl(2,5-dithiahexane)metal (Cr, Mo, W) 
complexes gives isolable seven-coordinate products [Ml 2 (CO) 3 ( 2 ,S-dithia- 
hexane)] only for molybdenum and tungsten. Reduction of these iodo 
compounds with lithium aluminum hydride forms unisolable materials with 
M—H bonds {45). 

4. Derivatives of Organometal Carbonyls 

The treatment of tricarbonyl(cycloheptatriene) or (arene) metal com¬ 
plexes with donors has been cited as a good route to the [M(CO) 3 L 3 ] 
compounds {37y 114y 115). When initiated by ultraviolet light this reaction 
may be controlled to give dicarbonyl(arene)(donor) metal complexes 
{145y 146y 146a). The nature of the group X as well as the donor L influences 
the stability of the products of the type [Cr(CO) 2 (L)(X—C 6 H 4 )]. Electron- 
withdrawing X groups favor donation of electrons, L Cr, but electron¬ 
releasing groups favor back-bonding Cr L. For maximum stability then, 
X and L must complement each other’s electron-donating and electron- 
accepting tendencies. For example, with a poor 7 r-acceptor ligand such as 
acetonitrile, terephthalic acid forms a more stable mixed complex than does 
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mesitylene (146), The sigma component of the Cr—L bond is the main 
determinant of stability of that bond {146a), 

Hayter^s detailed and comprehensive work on tetrasubstituted biarsine 
or biphosphine ligands has been extended to reactions with the hexa- 
carbonyldicyclopentadienyldimetal compounds, [M(C 5 H 5 )(CO) 3]2 (M = 
Mo, W). The most characteristic products are dimers (without metal-metal 

§2 

C5H5(CO)2M<pM(CO)2C5H5 

R2 

(IV) 

[M = Mo; ERz = P(CH3)2, A8(CH3)2; M = W; ERj = P(CH3)2] 


bonds) (IV) (70). One of the same products is obtained by treatment of 
AsC 1(CH3)2 with Na'*'[Mo(C 5 H 5 )(CO) 3 ]“, However, treatment of this 
sodium salt with PC1(CH3)2 gives a peculiar hydride (V). The unexpected 


(CH3)2 

C5H5{CO)2Mo^?^Mo{CO)2C5H5 

H' 

(V) 

product from the reaction between [Mo(C 5 H 5 )(CO) 3]2 and P 2 (C 6 H 5)4 is a 
trimer, [Mo(C 5 H 5 )P(C 6 H 5 ) 2 (CO)] 3 , with phosphorus, but not carbonyl, 
bridges (70). 

When [Mo(C 5 H 5 )(CO) 3]2 is treated with As 2 (CF 3 ) 4 , the product is a 
monomeric species, [Mo(C 5 H 5 )As(CF 3 ) 2 (CO) 3 ], which is converted by 
irradiation into the arsenic-bridged species [Mo(C 5 H 5 )As(CF 3 ) 2 (CO) 2]2 
(147), Although all the carbon monoxide is lost when [Mo(C 5 H 5 )(CO) 3]2 is 
treated with dimethyldisulfide (148)^ the reaction between [MoH(C 5 H 5 ) 
(CO 3 )] and dimethyl disulfide gives a dimeric complex, [Mo(C 5 H 5 )SCH 3 
(CO) 2]2 (149). The tungsten analog is similarly made (149), The corres¬ 
pondence between -SR and -PR 2 bridging groups is clearly seen here, 
although in this case the sulfur-containing species apparently exists in 
geometrical isomers {149)y whereas the phosphorus-containing species does 
not (70). 

Substitutions have also been carried out upon the cyclopentadienyl- 
molybdenum carbonyl halides. Although treatment of [MoCl(C 5 H 5 )(CO) 3 ] 
with phenyl isocyanide gives no carbonyl-containing product, from 
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[MoI(C 5 H 5 )(CO) 3 ] and phenyl isocyanide one may prepare the complex 
[MoI(C 5 H 5 )(CO) 2 (CNC 6 H 5 )] (150), Related complexes [Mo(C 5 H 5 )(CO )2 
(CNCH 3 ) 2 ]+I-, and [W(C 5 H 5 )(CO) 3 (CNCH 3 )]-'I~ are obtained by alkyl¬ 
ation of the appropriate complex cyanides {151), The reactions between 
[MoI(C 5 H 5 )(CO) 3 ] or [MoI(C 7 H 7 )(CO) 2 ] and tris(dimethylamino)phos- 
phine (tdp) give, respectively, two isomers of composition [Mo^CsHs) 
(CO) 2 (tdp)], and a single form of [MoI(C 7 H 7 )(CO)(tdp)] {71). If the 
alkylmolybdenum compound [Mo(C 5 H 5 )(CH 2 SCH 3 )(CO) 3 ] is heated or 
irradiated, one may isolate a compound [Mo(C 5 H 5 )(CH 2 SCH 3 )(CO) 2 ] of 
perhaps novel structure {152), 

The metathetical reaction between [CH 30 C 6 H 4 N 2 ][BF 4 ] and 
Na[Mo(C 5 H 5 )(CO) 3 ] gives a material [Mo(C 5 H 5 )(CO) 2 (CH 30 C 6 H 4 N 2 )] in 
which the diazonium group acts as a novel three-electron donor {152a). 

D. Manganese and Rhenium 

1. Manganese 

a. The Direct Reaction of the Carbonyl with Bases, The base-substituted 
carbonyls of the Group VII elements are more varied in nature than those 
of the Group VI metals. This fact stems from the number of different ways 
in which the zero-valent atoms can obtain the 11 electrons needed to satisfy 
the rare-gas rule. The need for an odd number of electrons is met if one 
ligand is a cyclopentadienyl, alkyl, acyl, halide, or nitrosyl group, or if the 
species considered is a mono-anion or cation, or if a metal-metal bond is 
present. 

The reasons why different types of donors produce substitution or 
disproportionation of manganese carbonyl have been discussed and 
correlations have been drawn with these tendencies in other metal carbonyls 
{153). Although most strong nitrogen bases with little 7 r-acceptor tendency, 
including pyridine, cause disproportionation of decacarbonyldimanganese 
to give compounds containing the pentacarbonylmanganate( — I) ion, 
aniline and o-phenylenediamine give monosubstituted derivatives [Mn 
(C 0 ) 4 L] {153), On the other hand, nitrogen donors with substantial 
TT-acceptor properties furnish the unsymmetrical products [(CO) 5 Mn—Mn 
(C 0 ) 3 L 2 ] (L 2 = dipyridyl, o-phenanthroline) (f5J, 154). The dipyridyl 
complex may also be obtained from [Mn 2 H 2 (CO) 9 ] and the ligand {153), 
Oxidation of the [Mn 2 H(CO) 9 ]” anion with hydroxylamine sulfonic acid 
forms an ammonia complex, [Mn 2 (CO) 9 (NH 3 )] {155). Irradiation of the 
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[Mn 2 (CO) 8 L 2 ] species gives [Mn 2 (CO)io] and the dimers [Mn(CO) 3 L 2]2 
{153, 154). 

The heating of decacarbonyldimanganese with phosphorus, arsenic, or 
antimony bases provides the paramagnetic monomers [Mn(CO) 4 L], where 
L = P(C6H5)3 {15, 156), P(C2H5)3, As(C 6H5)3, and Sb(C 6 H 5)3 {15) or the 
diamagnetic dimers [Mn(CO) 4 L] 2 , L = P(C 6 Hii )3 and P(OC 6 H 5)3 {15). 
The monomers have trigonal bipyramidal configurations, and the dimeric 
species, which dissociate in solution at 100° C, are held together by metal- 
metal bonds only, since bridging carbonyl groups are lacking {15). Under 
the influence of ultraviolet light in cyclohexane solution, the direct reaction 
yields the dimers for L = P(C 6 H 5 ) 3 , P(OC 6 H 5 ) 3 , P(C 2 H 5 ) 3 , P(C 6 H 4 F) 3 , and 
As(C 6 H 5 ) 3 , although triphenylarsine affords evidence of some monomer 
formation {12, 157). With o-phenylenebis(dimethylarsine), the direct 
reaction gives both the monomer and the dimer of stoichiometry [Mn(CO )3 
(diarsine)]. The latter compound dissociates irreversibly upon heating {158). 
The chelating ligand l,2-bis(diphenylphosphino)ethane has been reported 
to react with [Mn 2 (CO)io], forming, depending on conditions, [Mn 2 (CO )8 
(diphosphine)] {17), paramagnetic [Mn(CO) 3 (diphosphine)], paramagnetic 
[Mn(CO)(diphosphine) 2 ], or ionic [Mn(CO) 2 (diphosphine) 2 ]'^ [Mn(CO) 5 ]“ 
{159). 

Under very drastic conditions, treatment of [Mn 2 (CO)io] with triphenyl¬ 
arsine produces a dimeric arsenic-bridged compound, [MnAs(C 6 H 5)2 
( 00 ) 4 ] 2 , (VI), in which the As(C 6 H 5)2 group is a three-electron donor 


(C6H5)2 

(CO)4Mn^ *^Mn(CO)4 

(C6H5)2 

(VI) 

{157, 160). This compound may also be prepared by the reaction between 
diphenylarsine, chloropentacarbonylmanganese, and p-toluidine {161). 
Direct reaction between [Mn 2 (CO)io] and As 2 (CH 3)4 gives the analogous 
[MnAs(CH 3 ) 2 (CO) 4]2 {162). The corresponding product is obtained with 
As 2 (CF 3)4 as reactant {147). A phosphorus analog, [MnP(C 6 H 5 ) 2 (CO) 4]2 
may be obtained by reaction of PC 1 (C 6 H 5)2 and Na[Mn(CO) 5 ] in tetra- 
hydrofuran {161, 162) or by direct combination of [Mn 2 (CO)io] and 
P 2 (C 6 H 5)4 {161). A by-product of the latter process is an unusual, dia¬ 
magnetic hydride complex (VII), which is also accessible by treatment of 
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(C6H3)2 

(CO)4Mnjf'-?-'^,Mn(CO)4 

(VII) 

[MnP(C 6 H 5 ) 2 (CO) 4]2 with triphenylphosphine and ^-toluidine {162). The 
condensation of Na[Mn(CO) 5 ] with PC 1 (CH 3)2 produces initially a singly- 
bridged binuclear complex [(CO) 5 Mn—P(CH 3 ) 2 —Mn(CO) 4 P(CH 3 ) 2 ], 
which on boiling in toluene yields the doubly-bridged [MnP(CH 3 ) 2 (CO) 4]2 
{161y 163). The reaction between [Mn 2 (CO)io] and (CF 3 ) 2 PI gives a com¬ 
pound of composition {Mn 2 l[P(CF 3 ) 2 ](CO) 8 }, probably of a structure 
similar to (VI), with phosphorus and iodine bridges (164, 164a), When 
treated with the unusual ligand, diphenyltellurium, decacarbonyldi- 
manganese yields the tellurium-bridged species [Mn(TeC 6 H 5 )(CO) 4]2 
analogous to the arsenic and phosphorus-bridged compounds cited above 

(165) . 

Sulfur-bridged carbonylmanganese complexes of formula [Mn SR(CO) 4 ] 2 , 
with R = CH 3 , C 2 HS, and C4H9 are prepared in high yields by treatment of 
[Mn(CO)sH] with the dialkyl disulfides RSSR (149); [Mn(SC 6 H 5 )(CO) 4]2 
is obtained quantitatively from Mn(CO) 5 X (X = Cl, Br, I) and C 6 H 5 SH 

(166) , Materials of similar composition [MnSR(CO) 3 ] 2 or 3 ) R = C 2 H 5 , 
C3H7, C4H9, C^Hs, CH3C6H4, C6H5CH2 (possibly identical with the 
[MnSR(CO) 4]2 species) were prepared by irradiation of mixtures of 
[Mn 2 (CO)io] or [MnCl(CO) 5 ], with the appropriate mercaptans {167). 

Like the simple carbonyl, the phosphine-substituted manganese car¬ 
bonyls are readily reduced by sodium amalgam in tetrahydrofuran (165, 
169). The resulting anions [Mn(CO) 4 PR 3 ]" undergo reactions expected by 
analogy with the behavior of [Mn(CO) 5 ]“, giving mercury salts, alkyls, 
acyls, and hydrides when treated with mercuric cyanide, alkyl iodides, 
acid chlorides or anhydrides, or acids, respectively (165, 169). The hydride 
[MnH(CO) 4 P(C 6 H 5 ) 3 ] (“pseudo-[Fe(CO) 4 P(C 6 H 5 ) 3 ]’’) is not at all acidic, 
whereas [MnH(CO) 5 ] itself is only slightly acidic (169). 

Complexes containing bidentate sulfur-bonded ligands which form four- 
membered rings with the manganese atom are obtained by the reaction 
between [MnBr(CO) 5 ] and dithiobenzoic acid (169^2) or sodium N ,N-dialkyl- 
dithiocarbamates (1696); the products have the compositions [Mn(S 2 CC 6 H 5) 
(CO) 4 ] or [Mn(S 2 CNR 2 )(CO) 4 ] (R = CH3, C2H5) respectively. 

b. Nitrosyl-Carbonyl Derivatives. Eleven electrons may be donated by a 
combination of three nitrosyl groups and one carbonyl group, or of one 
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nitrosyl group and four carbonyl groups. In the case of manganese both 
possibilities have been realized with the synthesis from iodopentacarbonyl- 
manganese and nitric oxide of [MnCO(NO) 3 ] (“pseudonickel tetra- 
carbonyF') (75, 770), and the synthesis from hydridopentacarbonyl- 
manganese and A^-nitroso-A^-methyl-/»-toluenesulfonamide of [Mn(CO )4 
NO] (“pseudoiron pentacarbonyl”). Irradiation of the latter gives 
[Mn2(CO)7(NO)2] (777). 

When carbonylnitrosyl metal compounds are treated with other donors, 
the usual result is displacement of carbonyl groups only. Thus, treatment 
of [MnCO(NO) 3 ] with triphenylphosphine gives only [Mn(NO) 3 P(C 5115 ) 3 ] 
(75). However, mixed nitrosyl(carbonyl)(donor)manganese compounds 
have been obtained. It was first reported that the reaction between nitric 
oxide and [MnI(CO) 4 P(C 6 H 5 ) 3 ] or [Mn(CO) 4 P(C 6 H 5 ) 3 ] forms only 
[Mn(NO) 3 P(C 5 H 5 ) 3 ] {172)y but under other conditions these reagents give, 
in addition, the partially substituted product [Mn(CO) 3 (NO)P(C 6 H 5 ) 3 ] 
(7 73y 174). In the reaction between nitric oxide and the [Mn(CO) 4 L] species 
good yields of partially substituted product [Mn(CO) 3 (NO)L] are not 
obtained. A better way of obtaining these compounds is to use amyl nitrite 
in place of nitric oxide; this has been demonstrated for L = P(C 5 H 5)3 and 
P(C 5 Hii) 3 . The dipole moment and the infrared spectrum of [Mn(CO )3 
(N 0 )P(C 6 H 5 ) 3 ] indicate either a cis or trans trigonal bipyramidal structure. 
Since the dipole moment contributions of NO and CO are very similar, but 
the moment of [Mn(CO) 3 (NO)P(C 6 H 5 ) 3 ] is much higher than that of 
[Mn(CO) 4 P(C 6 H 5 ) 3 ], it has been suggested that in the nitrosyl derivative 
more effective positive charge is left on the phosphorus atom than in the 
other case. The compound [Mn(CO) 3 (NO)P(C 6 H 5 ) 3 ] reacts with excess 
P(C 6 H 5)3 or P(C 6 Hii )3 at higher temperatures to give [Mn(CO) 2 (NO)L 2 ], 
L = P(C5H5)3, P(C 6 Hii) 3 , believed to have the phosphine groups in trans 
positions on the trigonal bipyramid (774). 

c. Halogenation of the Base-Carbonyl Complexes. The base-carbonyl 
complexes of zero-valent manganese are easily oxidized by mild halogenating 
agents, as might be expected, since this might facilitate the attainment of the 
rare-gas configuration. Thus, [MnH(CO) 4 P(C 6 H 5 ) 3 ] (769) and [Mn(CO )4 
P(C 5 H 5 ) 3 ] (757, 169) react with carbon tetrachloride or chloroform, 
yielding [MnCl(CO) 4 P(C 6 H 5 ) 3 ]. The halogens themselves give the analo¬ 
gous products (769). Irradiation in chlorinated solvents converts the com¬ 
plex [Mn 2 (CO)g(o-phen)] to a mixture of [MnCl(CO) 3 (o-phen)] and 
[MnCl(CO) 5 ] (^54). Bromination of [Mn(CO) 3 (diphosphine)] produces 
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[MnBr(CO) 3 (diphosphine)] (160). With [Mn(C 0 ) 3 (diarsine)]„ (n=l, 2) 
iodine gives [MnI(CO) 3 (diarsine)], but bromine yields an unusual para¬ 
magnetic species [MnBr 2 (CO) 2 (diarsine)] (158), Oxidation of [Mn(CO )3 
(NO)P(C 5115 ) 3 ] with iodine, bromine, or cyanogen bromide causes loss of 
CO and rearrangement to form {MnX(NO) 2 [P(C 6 H 5 ) 3 ] 2 }, X= I, Br, CN 
(174). From infrared spectra it has been concluded that the species [Mn 
(C 0 ) 4 PR 3 ], [Mn(CO) 4 (PR 3 )]- and [MnH(CO) 4 P(C 5 H 5 ) 3 ] all have the 
trigonal bipyramidal structure, while the species [MnX(CO) 4 (PR 3 )] 
(X = halogen) and [MnCH 3 (CO) 4 PR 3 ] probably have cis octahedral 
structures (169). 

d. Reactions of the Carbonyl Halides. When the manganese carbonyl 
halides of composition [MnX(CO) 5 ] or [MnX(CO) 4]2 are heated with two 
moles of suitable base, they form disubstituted compounds of composition 
[MnX(CO) 3 L 2 ], with X = C1, Br, I; L = NH 3 (775), C 6 H 5 NH 2 {166), 
py {166, 176), RNC {166), P(C 5 H 5)3 {166, 176), As(C 5 H 5)3 {166, 176), 
Sb(C 6 H 5)3 {166), pyridine-2-aldimine {166), Te(C 5 H 5)2 (765); and 
X = C(CN) 3 ; L = P(C 5 H 5 ) 3 , P(C 5 Hh) 3 , P( 0 C 5 H 5)3 {177). With chelating 
ligands the products are again of the type [MnX(CO) 3 L 2 ], L 2 = dipy (766, 
776), o-phen (766), 2,5-dithiahexane {45), 3,6,9-trithiaundecane (45), dien 
(from [Mn(CO) 3 (mesitylene)]I) (J7), l,2-bis(diphenylphosphino)ethane 
{159, 178), l,2-bis(phenylthio)ethane (7 78), o-phenylenebis(dimethyl- 
arsine) (7 78). The three carbonyl groups in this type of product are mutually 
cis in most cases (765, 7 76). In a slightly different manner, the pentacarbonyl 
halides react with liquid ammonia or ethylenediamine (en) and dimethyl 
sulfoxide (DMSO) to give ionic complexes of the type [Mn(CO) 4 L 2 ]^X“, 
with L = NH3, en, DMSO (766). 

An interesting set of reactions is that between [MnSCN(CO) 5 ] and 
various bases to give complexes [MnSCN(CO) 3 L 2 ]. In the products when 
L = pyridine, dipyridyl, or/)-toluidine, the L and NCS groups are mutually 
cis. The thiocyanate group, bonded to manganese through the sulfur atom in 
the starting material, is bonded through the nitrogen atom in the products. 
Triphenylphosphine yields a complex with N-bonded thiocyanate but 
fran^-phosphine groups, and triphenylstibine yields a material with all cis 
substitution, but S-bonded thiocyanate {179). Steric conditions may be the 
predominant reasons for these structural differences. 

The disubstituted carbonyl halides [MnX(CO) 3 L 2 ], L = P(C 6 H 5 ) 3 , 
P( 0 C 6 H 5 ) 3 , P(C 6 Hii) 3 , are readily reduced by sodium amalgam to the 
disubstituted anions [Mn(CO) 3 L 2 ]“ which undergo alkylation and other 
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reactions typical of the [Mn(CO) 5 ]“ anion itself. A notable product is the 
very stable, barely acidic hydride {MnH(CO) 3 [P(C 6 H 5 ) 3 ] 2 } {179a), 

Detailed examination of the reaction of bromomanganese pentacarbonyl 
with phenyl isocyanide has shown strikingly the dependence of the extent 
of such reactions on solvent. In ethanol at 60° C the product is [MnBr(CO )3 
(CNC 6 H 5 ) 2 ]; in diglyme at 100° C, [MnBr(CO) 2 (CNC 6 H 5 ) 3 ]; in refluxing 
tetrahydrofuran, [MnBrCO(CNC 6 H 5 ) 4 ] as well as [MnBr(CNC 6 H 5 ) 5 ]. 
The last member of this series of mixed derivatives, [MnBr(CO) 4 (CNC 6 H 5 )], 
is obtained at room temperature in tetrahydrofuran from [MnBr(CO) 4 ] 2 . 
The order of reactivity of the pentacarbonyl halides is Cl > Br > I (150), 
Cationic manganese(carbonyl)(phosphine) species have been produced 
by treatment of the dry complexes [MnCl(CO) 4 L] or [MnCl(CO) 3 L 2 ] with 
aluminum chloride, ferric chloride, or zinc chloride and carbon monoxide 
at high temperatures and pressures. Typical anions are [AlC^]- and 
[FeCl 4 ]“. The substituted cations are easier to prepare in these systems 
than is [Mn(CO)6]+. Obtained have been the cations [Mn(CO) 5 L]+ and 
[Mn(CO) 4 L 2 ]+ L = P(C 6 H 5 ) 3 , P{C^Uu )2 (180, 181), In the disubstituted 
cations the phosphines are in trans positions {180), The analogous ion 
[Mn(CO) 4 (o-phen)]+ has been obtained by similar treatment of [MnCl(CO )3 
(o-phen)] in the presence of ZnCl 2 {181), The treatment of {MnCl(CO )3 
[P(C 6 H 5 ) 3 ] 2 } with benzene, triphenylphosphine, and aluminum chloride 
but without excess carbon monoxide gives only {Mn(CO) 4 [P(C 6 H 5 ) 3 ] 2 }'^ 
ion (by CO redistribution), as does bubbling carbon monoxide through a 
mixture of {MnCl(CO) 3 [P(C 6 H 5 ) 3 ] 2 }, benzene, and aluminum chloride 
{181), This pressureless synthesis has also allowed the preparation of other 
ions [Mn(CO) 4 L 2 ]+ L = P(OC 6 H 5 ) 3 , Te(C 6 H 5)2 {181), The cation 
{Mn(CO) 4 [P(C 6 H 5 ) 3 ] 2 }+ has also been obtained by displacement of 
ethylene and carbon monoxide from the cation [Mn(CO) 5 (CH 2 =CH 2 )]'^ 
(777, 182), Alkoxides combine with the disubstituted cations, forming 
species of the type [Mn(COOR)(CO) 3 L 2 ], L = P(C 6 H 5 ) 3 ; R = CH 3 , 
C 2 H 5 , CsHn, C 6 H 5 CH 2 , which still have the phosphine groups in the 
trans position. The carboalkoxy derivatives are cleaved by HX to give 
[Mn(CO) 4 L 2 ]'^X“ {183). These halides react with sodium carbonyl- 
metallates to give ionic complexes with carbonyl-containing cations and 
anions, e.g., {Mn(CO) 4 [P(C 6 H 5 ) 3 ] 2 }'^[Fe(CO) 3 NO]“. In some cases a 
redox reaction converts the initially formed mixed-metal salt to a mixed- 
metal carbonyl. Thus, the final product from the combination of [Mn(CO )4 
(o-phen)]+ and [Co(CO) 4 ]- is [(CO) 3 (o-phen)MnCo(CO) 4 ]. In still other 
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cases a ligand in the anion is exchanged for carbon monoxide; the com¬ 
bination of [Mn(CO) 5 P(C 6 H 5 ) 3 ]+ and [Co(CO) 3 P(C 6 H 5 ) 3 ]” produces 
[Mn(CO)5P(C6H5)3]nCo(CO)4]-(i5Ja). 

It has been shown that the reaction between nitric oxide and the 
substituted halides [MnX(CO) 4 L], where X = Cl, Br, I, and L = PR 3 , 
As(C 6 H 5 ) 3 , Sb(C 6 H 5 ) 3 , py gives complete loss of carbon monoxide, with 
the formation of the corresponding [Mn(NO) 3 L] compounds (174), In the 
case of P( 0 C 6 H 5 ) 3 , a product of another type is {MnI(NO) 2 [P(OC 6 H 5 ) 3 ] 2 ) 
(184). Displacement of halogen from the complex anions, £:w-[MnX 2 (CO) 4 ]“ 
with P(C 6 H 5)3 gives the products, [MnX(CO) 4 P( 05115 ) 3 ], X = Cl, Br, 
I, CN, which react with excess base to yield rraw^-{MnX(CO) 3 [P(C 6 H 5 ) 3 ] 2 }, 
X = C1, Br, I. The disubstituted product is obtained more readily with 
P( 0 CH 2 ) 3 CCH 3 as the base (185), 

Careful studies of the kinetics of the reactions between bases and the 
carbonyl halides and the properties of the products have been carried out. 
It has been established that the CO exchange reaction of [MnX(CO) 5 ] 
compounds proceeds by an S^l reaction, with one carbonyl group (that 
trans to X) exchanging more slowly than the others, and with the over-all 
rate of exchange decreasing with changing X in the order Cl > Br > I (55, 
56). The reaction of [MnX(CO) 5 ] with a ligand to give [MnX(CO) 4 L], 
L = P(C6H5)3, As(C 5H5)3, Sb(C5H5)3, C 2 H 5 NC, PCI 2 C 5 H 5 , P(OC4H,)3, 
P( 0 CH 2 ) 3 CCH 3 , P( 0 C 6 H 5 ) 3 , also takes place by an S^l mechanism, with 
rates decreasing in the order Cl > Br > I (62). In both the CO exchange and 
the substitution reaction the rate-determining step is dissociation of a 
carbonyl group, and the rates are essentially the same (62), The chloride 
compound reacts most rapidly because the chloride’s greater electro¬ 
negativity leaves less ^-electron density (higher positive charge) on the 
manganese atom; hence, less metal-carbon double bonding occurs, and the 
metal-carbon bond is more easily broken. The carbonyl group trans to the 
halide ion, which exchanges much more slowly than the other four, has less 
competition for the 7r-donor capacity of the filled d orbital of proper 
symmetry for it than do the carbonyl groups trans to one another. 

More basic ligands, including pyridine, aniline, /)-toluidine, and tributyl- 
phosphine, give directly the disubstituted compounds, [MnX(CO) 3 L 2 ] {62), 
The rate of the reaction between [MnX(CO) 4 L] (VIII) and a second ligand 
L' to give [MnX(CO) 3 LL'] (IX) is independent of the nature and con¬ 
centration of L', so again a dissociative mechanism is involved. The rate of 
reaction decreases as one varies the initial ligand L in the order 
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P(C6H5)3 > As(C6H5)3 > P(C4H9)3 ^ PC1(C6H5)2 > P(OC6H5)3 
- Sb(C6H5)3 > PCUC^Hs > P(OC4Hg)3 > P(OCH2)3CCH3. 

This order corresponds to that of decreasing bulkiness. Since the axial CO 
trans to X is tightly held, and the products (IX) are in the configuration with 
L, L', and X mutually w, the more labile CO groups in [MnX(CO) 4 L] 
(VIII) must be those trans to another CO. This is consistent with the effect 
of increased M—C 7 r-bonding in the less-labile CO groups trans to ligands 
other than CO (65). 




(VIII) (IX) 


However, despite the more favorable M—C bond energies in the cis 
compounds, conversion of the cM-[MnBr(CO) 3 L 2 ] species to trans isomers 
does occur, again by an S^l path (60, 67). The ligands which most readily 
form the trans isomer are those with the greatest 7r-bonding tendencies, 
which serve to stabilize the activated complex. Steric effects are also 
important; only the trans isomer can be prepared with triphenylphosphine 
as ligand (67), contrary to an earlier report (776). Both isomers have been 
isolated for L = P(OC 6 H 5)3 and made in situ for L = P(OC 4 H 9 ) 3 , P(C 4 H 9 ) 3 , 
and PCI 2 C 6 H 5 . The isomers probably have the configurations (X) and (XI) 
(60, 67). 


L Br 




A Study of the carbon monoxide exchange reactions of [MnCl(CO) 3 L 2 ] 
shows a decrease of rate in the order P(C 6 H 5)3 > As(C 6 H 5)3 > Sb(C 6 H 5 ) 3 , 



Lewis Base-Metal Carbonyl Complexes 


221 


although infrared spectra indicate that the ligands are involved to the same 
degree in double bonding to the metal (56). Exchange is rapid for 
L = Te(C 6 H 5 ) 2 , but very slow for L = NH3, o-phen (56). In the reaction of 
[MnX(CO) 3 L 2 ] with nitric oxide, again the rates decrease in the order 
P(CaH5)3 > As(CaH5)3 > Sb(CaH5)3 (56). 

e. Derivatives of Organomanganese Carbonyls. The methyl- or phenyl- 
manganese pentacarbonyls [MnR(CO) 5 ] react with primary or secondary 
. amines to give acyl manganese derivatives of composition [Mn(COR)(CO)4- 
(NHR'R")], R = CH3; NHR'R" = NH2CaHH, NH3, NH(CH3)(CaHH), 
NH 2 CaH 5 ; and R^CaHg; NHRR' = NH2CaHn, NH 2 CaH 5 {117). 
Treatment of the acetylmanganese (cyclohexylamine) derivative with 
sodium methoxide yields the sodium salt of the [Mn(CO) 4 (NH 2 CaHii)]“ 
anion, which reacts with methyl iodide with redistribution of ligands to form 
[MnI(CO) 3 (NH 2 CaHii) 2 ] of the well-known type previously discussed 
(186). Dispute exists as to the exact mechanism of this type of reaction, in 
which basic attack causes a carbonyl group to be apparently inserted 
into the H3C—Mn bond, i.e., [MnCH3(CO)5]-^[Mn(COCH3)(CO)4L], 
L = P(C 6 H 5 ) 3 , P(OCaH 5 ) 3 , RNH 2 , R 2 NH {186 a-c). 

Lewis bases have been found to react readily with cyclopentadienyl- 
manganese tricarbonyl, particularly when the mixture is irradiated with 
ultraviolet light. Only one carbonyl group is usually replaced, giving 
straightforwardly the products [Mn(C 5 H 5 )(CO) 2 L], L = py {187)j CaH 5 NH 2 
{188), CH 3 CN {189), CaHsCN {122), CaHnNC {188), CgHioNH {188), 
piperazine {190), urotropine {190), P(CaH 5)3 {12,191,192,193), As(CaH 5)3 
{12, 188, 191), Sb(CaH 5)3 {188), P(OCaH 5)3 {192), P(C 4 H ,)3 {192), 
P(C 3 H 7)3 {192), P(CH 2 CaH 5)3 {192), (CH 3 ) 2 SO {194, 194a), (CH 2 ) 4 SO 
{194a), (CaH 5 ) 2 SO {194a), (CH 20 ) 2 S 0 {194a), (CH 30 ) 2 S 0 {188), SO 2 
{188, 194a), S(C 2 Hs )2 {188, 194a), S(CH 2)4 {194a), S(CaHs )2 {194a), 
SH 2 {194a), C 3 H 7 MH 2 {195), CaHi 3 NH 2 {195), (CH 3 ) 2 NH {195), (CH 3 ) 3 N 
{195), pyrrolidine (^95), quinoline (^95), dimethylpyrrolidine (^95), NH 3 
(i95). The analogous compounds [Mn(CsH 4 CH 3 )(CO) 2 L] have been 
reported, with L^CgHioNH {196), py {187), P(CaHs )3 {12, 191, 192), 
As(CaH 5)3 {12, 191), P(OCH 3)3 {192), P(OCaHs )3 {192), and As(C 2 Hs )3 
{192). 

The disubstituted compounds [Mn(C 5 H 5 )(CO)L 2 ] have been described, 
with L = P(C 6 H 5)3 {193, 197), (CH 3)280 {194), Sb(CH 2 C 6 H 5)3 {192), 
P(CH 3)2 {192), and P(OCH 3)3 {192)- analogous [Mn(C 5 H 4 CH 3 )(CO)L 2 ] 
species have been listed for various ligands {192). A patent, which claims 
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such materials for use as antiknock additives in gasoline and as herbicides, 
also refers to the use of other ligands and other alkyl cyclopentadienyl 
derivatives {192), 

Bidentate ligands give, under mild conditions, bridged dimers [(C 5 H 5 )- 
(CO) 2 Mn(LRL)Mn(C 5 H 5 )(CO) 2 ], LRL = l,2-bis(diphenylphosphino)- 
ethane {12^ 191)^ diarsine {12, 191), piperazine {190), and triethylene- 
diamine {190), The methylcyclopentadienyl analogs have been isolated for 
LRL = diphosphine or diarsine {12, 191), Prolonged irradiation of these 
mixtures forms chelated monomers of the type [Mn(C 5 H 5 )(CO)(LRL)], 
LRL = diphosphine, diarsine; also known are the methylcyclopentadienyl 
analogs {12, 191), A number of oxygen donors certainly react with [Mn 
(C 5 H 5 X 00 ) 3 ] and [Mn(C 5 H 4 CH 3 )(CO) 3 ], but the preliminary products are 
unstable and cannot be isolated {197). The reaction of PCI3 and AICI3 with 
[Mn(C 5 H 5 )(CO) 3 ] yields an interesting compound of the above type, 
[(CO) 3 Mn(C 5 H 4 PCl 2 )Mn(C 5 H 5 )(CO) 2 ], in which L in the standard 
formula [Mn(C 5 H 5 )(CO) 2 L] is [Mn(C 5 H 4 PCl 2 )(CO) 3 ] {198). The ligands 
P 2 (CH 3 ) 4 , P 2 (C 6 H 5 ) 4 , and As 2 (CH 3)4 also give the simple bridged species 
[(C.H,)(CO).Mn(E,R 4 )Mn(CO).(C.H.)] il98a). 

In the photochemical synthesis of [Mn(C 5 H 5 )(CO) 2 L] from [Mn(C 5 H 5 )- 
( 00 ) 3 ] the quantum yield is one {139, 197). The infrared spectra and 
stability of the substituted compounds have been discussed {188, 195), The 
reaction apparently has a dissociative mechanism, and the rate of carbon 
monoxide evolution decreases with changing L in the order C 5 H 8 > CH3CN 
> N(C 2 H 5)3 > CH3COCH3 > C 6 H 5 C^CC 6 H 5 > py > C2H5OOCCH3 > 
( 0112)40 {138). The stability of the products depends primarily on the 
donor strength of the ligand; the order of stability with the [Mn(C 5 H 5 ) 
( 00 ) 2 ] moiety is the same that one finds with acceptors of the type of BF3 
{195). From comparative studies of the photochemical synthesis with 
acetonitrile one may arrange complex acceptors in the order {Cr(CO) 2 [/)- 
C6H4(C00H)2]}:^ [Cr(CO)5] > [Mn(C5H5)(CO)2] > [Cr(CO)2(C5H6)] > 
{Cr(CO)2[C5H3(CH3)3]} {189), 

An example of a compound with bridging nitrosyl groups has been 
obtained by reduction of the cation [Mn(C 5 H 5 )(CO) 2 (NO)]+ with sodium 
borohydride, giving a product of composition [Mn(C 5 H 5 )(CO)(NO)] 2 , a 
“pseudo-[Fe(C 5 H 5 )(CO) 2 ] 2 ” which has both terminal and bridging 
carbonyl and nitrosyl groups, and may be a mixture of isomers {199, 200). 
An unusual manganese compound (XII) is prepared from Na[Mn(CO) 5 ] 
and CICH 2 CH 2 SCH 3 {152). 



Lewis Base-Metal Carbonyl Complexes 


223 


OC. 

OC' 


O 
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I —CHz 

;Mn I 

I —CHz 

CO I 

CH3 


(XII) 


2 . Rhenium 

Fewer examples are known of compounds of rhenium than of man¬ 
ganese, but the behavior of the two carbonyls is quite similar. The reaction 
between [Re2(CO)io] and P(C6H5)3 produces only the dimer [Re(CO)4 
P(C6H5)3]2, in contrast to the case of manganese (i 7 ). High-pressure 
carbonylation of triphenylphosphine-rhenium(II) halide species leads at 
50 ° C to [ReX2COL2]> at 120 ° C to reduced pentacoordinate [ReX(CO)2L2], 
and at 200 ° C to [ReX(CO)3L2], X = Cl, Br; L = P(C6H5)3 { 201 ); the latter 
is the only one of the series with a manganese analog. A copper catalyst 
facilitates the reduction of the halide, permitting one to use a rhenium(III) 
halide initially { 202 ), The iodide complex {Rel2[P(C6H5)3]2} accepts only 
one molecule of carbon monoxide, yielding {ReI(CO)[P(C6H5)3]2} { 202 ), 

In view of the later finding that the halorhenium phosphine complexes 
were at first incorrectly formulated, e.g., {ReCl3[P(C6H5)3]3} is in fact 
{[ReOCl3[P(C6H5)3]2} { 202 a), and that oxygen and nitrogen are frequently 
found in the rhenium complexes { 202 by 202 c) the exact formulation of the 
carbonylated products is somewhat questionable. 

The rhenium carbonyl halides react with donors as do their manganese 
analogs. Rhenium pentacarbonyl chloride reacts with liquid ammonia to 
form the neutral complex [ReCl(CO)4(NH3)], which reacts with o-phen- 
anthroline at 60 ° C to give [ReCl(CO)3(o-phen)]. Another product is the 
ionic material [Re(CO)4(NH3)2]'^Cl“, which reacts with pyridine at 120 ° C 
to give [ReCl(CO)3(py)2] { 203 ), The iodide analog of the latter compound 
has been obtained by direct reaction of pyridine with [ReI(CO)4]2 or 
[ReI(CO)s] { 204 ). The reaction between j)-tolyl isocyanide and the penta¬ 
carbonyl chloride affords the ionic complex [Re(CO)4L2]+Cl“, L = CH3 
C6H4NC { 203 ). The compounds [ReX(CO)3L2], with X= Cl; L = P(C6H5)3, 
As(C 6H5)3, py { 176 ), C6HsNH2 { 203 ); and X = I; L = P(C,H5)3, As{C,U 5)3, 
py, and dipy { 176 ) have been obtained from the direct reaction. Further 
substitution takes place upon treatment of {ReX(CO)2[P(C6H5)3]2} with 
^-tolylisocyanide, giving {ReX(CO)(RNC)[P(C6H5)3]2}, X = Cl, Br or 
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under more drastic conditions a hexacoordinate species {ReCl(CO)(RNC )2 
[P(C 6 H 5 ) 3 ] 2 } {201), The reaction between [ReCl(CO) 5 ] and phenyl mercap¬ 
tan gives a sulfur-bridged species, [Re(SC 6 H 5 )(CO) 4]2 {205). Substituted 
rhenium(I) carbonyl cations [Re(CO) 4 L 2 ]'^, L = P(C 6 H 5 ) 3 , o-phen are 
obtained, as are their manganese analogs, from the high-pressure and high- 
temperature reaction of [ReCl(CO) 3 L 2 ] with AICI3, FeCl 3 , or ZnCl 2 and 
carbon monoxide {181). 

E. Iron, Ruthenium, and Osmium 
1. Iron 

a. The Direct Reaction of the Carbonyl with Bases. The displacement of 
carbonyl groups bonded to iron may be readily accomplished by treatment 
with nitrogen-donor ligands, but disproportionation usually occurs, so that 
complex iron cations and unsubstituted carbonylferrate anions are the 
products (i). In the cases of iV-phenyl-2-pyridinaldimine {206), piperidine 
{207), pyrrolidine {207), and o-phenanthroline {208, 209), this conversion 
proceeds by preliminary formation of an adduct of iron pentacarbonyl with 
one or more molecules of base, e.g., the dark blue complex [Fe(CO) 5 (o- 
phen)] {208,209), Indirect methods have furnished iron carbonyl complexes 
with nitrogen-iron bonds. Treatment of [HFe(CO) 4 ]“ with [NH 20 S 03 ]” 
gives [Fe(CO) 4 NH 3 ], as well as traces of a bridged imino compound 

H 

(CO)jFe(^^Fe(CO), 

H 

(Xlll) 

[Fe(NH)(CO) 3]2 {155, 210) (XIII). The latter compound is more satis¬ 
factorily prepared from sodium nitrite and tetracarbonylferrate( —II) anion 
{155,211,212). Even at very low temperatures, the combination of ammonia 
and iron carbonyls gives no complexes {213). 

Ligands containing phosphorus, arsenic, or antimony as the donor atom 
do not cause disproportionation of iron carbonyls, and fairly stable, simple 
substitution products are obtained. The direct reaction, carried out either 
thermally or photochemically, with any of the three iron carbonyls, has 
yielded the complexes [Fe(CO) 4 L], with L = P(C 6 H 5)3 {12, 35, 214, 215, 
125a), P[N(CH 3 ) 2]3 {71), pentaphenylphosphole {216, 217), As(C 6 H 5)3 {12, 
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215, 215a), Sb(C6H5)3 {215y, and trans-[Fe{CO) 2 L 2 l with L = P(C 6 H 5)3 
{12, 35, 214, 215, 215a), P{C 2 Us){C,Us )2 {218), P[N(CH 3 ) 2]3 {71), 
As(C 6 H 5)3 {12, 215, 215a), and Sb(C 6 H 5)3 {215), All the mixed complexes 
[Fe(CO)„(PF 3 ) 5 _;,] (n = 1^) are accessible by the direct reaction {218a), 
Chelating ligands forming cw-[Fe(CO) 3 L 2 ] species include o-phenylene- 
bis(dimethylarsine) {12, 215a, 219), 1,2-bis[di(cyanoethyl)phosphino]- 
ethane {220), l,2-bis(diphenylphosphino)ethane {215a, 218, 220), and 
l,2-bis(diphenylarsino)ethane {220), Only with o-phenylenebis(dimethyl- 
arsine) has a monocarbonyl complex [Fe(CO)L 2 ] been described {219), 
These bidentate ligands can function as bridges between two mono- 
substituted iron moieties, e.g., in [(CO) 4 FeP(C 6 H 5 ) 2 CH 2 CH 2 (C 6 H 5 ) 2 - 
PFe(CO) 4 ] {12, 215a, 218), Frequently tricarbonyl(diene)iron complexes 
are more satisfactory starting materials than the iron carbonyls themselves 
{218, 220). 

Protonation of the mono- or bis(triphenylphosphine) or -(triphenyl- 
arsine)iron carbonyl compounds in 98% sulfuric acid gives metal hydride 
species detectable by NMR techniques, and showing a P—H coupling, but 
defying isolation (67, 68), Since protonation of the phosphine-iron carbonyl 
complexes increases the CO stretching frequency {68), suggesting the 
presence of a weaker metal-carbon bond in these materials, their reactions 
have become of interest {59), Small amounts of trifluoroacetic acid promote 
very rapid CO exchange (after an induction period) in the normally inert 
pentacarbonyliron and tetracarbonyl(triphenylphosphine)iron, and fess- 
rapid exchange in tricarbonylbis(triphenylphosphine)iron, which undergoes 
other, complicating reactions. Interestingly, the latter compound is the only 
one of these in the case of which IR analysis detects a metal-hydrogen bond 
under these conditions. In concentrated sulfuric acid, which protonates both 
substituted carbonyls, no exchange is observed. The failure of protonated 
tricarbonylbis(triphenylphosphine)iron to undergo exchange is consistent 
with the position of its CO stretching frequency, which still lies near those 
of unprotonated\FQ{CO){\ and [Fe(CO) 4 P(C 6 H 5 ) 3 ] (59). 

Tetraalkylbiphosphines or -biarsines react with [Fe(CO) 5 ] to give two 
classes of compounds, P- or As-bridged dimers [FeER 2 (CO) 3]2 (XIV), 
ER2 = P(CH3)2 {125,126), P(C2H5)2 {125), As(CH3)2 {125,126), Ks{CF,)2 

ER 

(CO),,Fe^ER2T'fe(CO)3 


(XIV) 
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{147)i and, under milder conditions (125) or with [Fe 3 (CO)i 2 ] {126)y a 
binuclear complex retaining the P—P bond, [(CO) 4 FeP 2 (CH 3 ) 4 Fe(CO) 4 ]. 
The reaction of [Fe(CO) 5 ] with PC1(C6H5)2 gives what must be a binuclear 
complex [(CO) 4 FeP 2 (C 6 H 5 ) 4 Fe(CO) 4 ] (221). From [Fe(CO) 5 ] and PI(CF 3)2 
one may prepare a compound {Fe 2 l[P(CF 3 ) 2 ](CO) 6 }, which probably has a 
structure corresponding to (XIV) (164). 

The reaction between iron carbonyls and isonitriles leads simply to the 
products [Fe(CO) 4 CNR] and trans-[Fe{CO) 3 {CNR) 2 l R = CH 3 , C 2 H 5 , 
P-C 6 H 4 OCH 3 (222), (J5). The monosubstituted compound only has 

been obtained for R = C^Hs (222), (CH 3 ) 3 Si, (CH 3 ) 3 Ge, (CH 3 ) 3 Sn (223). 
A binuclear species [(CO) 4 Fe(CNC 6 H 4 NC)Fe(CO) 4 ] has been described 
(222), as have mixed species [Fe(CO) 3 (CNR)(CNR')] (224). An unusual 
route to [Fe(CO) 4 CNC 6 H 5 ] is by reaction between dodecacarbonyltriiron 
and phenyl isocyanate or phenyl isothiocyanate (225). 

Metal carbonyl derivatives with metal-oxygen bonds are not common. 
Flash photolysis of oxygen-iron pentacarbonyl mixtures produces a 
substance believed to be [Fe202(C0)] (226). Sulfur trioxide and iron 
pentacarbonyl afford an unisolable material thought to be the pyrophosphate 
{Fe[ 0 (S 03 ) 2 ](C 0 ) 3 } (141). However, the reaction between sulfur dioxide 
and enneacarbonyldiiron gives a substance [Fe 2 (C 0 ) 8 S 02 ], for which 


(CO)4Fe^^^Fe(CO)4 

(XV) 


structure (XV) has been proposed, as well as a compound, [Fe 3 S 2 (CO) 9 ] 
(discussed later) (42427). Diphenylphosphinic acid and iron pentacarbonyl 
upon irradiation furnish low polymers with repeating units of the type (XVI) 
{142). 


CO 

/O—p=o 


DFe 


'*'0=P—o 


CO 



(XVI) 


Compounds having iron bonded to carbonyl groups as well as to sulfur 
atoms are numerous, varied, and well studied. The known role of sulfur and 
selenium as promoters of the high-pressure synthesis of iron pentacarbonyl 
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has led to the attempt to isolate possible iron carbonyl chalcogenide inter¬ 
mediates {228y 229). A convenient synthesis of such materials is by the 
reaction of tetracarbonylferrate anion and sulfurous, selenious, or tellurious 
acid; the products are of the type [Fe 3 X 2 (CO) 9 ], X = S, Se, Te {229). 
A single-crystal X-ray study of [Fe 3 Se 2 (CO) 9 ] establishes its structural 



framework as (XVII), in which an [Fe 2 Se 2 (CO) 6 ] fragment of idealized 
C 2 v-lmm symmetry is bonded to an [Fe(CO) 3 ] fragment by two bent 
Fe—Se bonds and two bent Fe—Fe bonds. The heavy atom' framework 
forms a square pyramid, slightly distorted so that all Fe—Se distances are 
equal {230). The [Fe 2 Se 2 (CO) 6 ] fragment has the same type of structure as 
[Fe(SC 2 H 5 )(CO) 3]2 (16). The compound [Fe 3 Se 2 (CO) 9 ] is isomorphous 
with the originally reported {229) [Fe 3 S 2 (CO) 9 ] {230). However, recently 
the reaction of dodecacarbonyltriiron with cyclohexene episulfide or 
3-chioropropylene episulfide has given an apparently isomeric compound 
of composition [Fe 3 S 2 (CO) 9 ] {231). 

Oxidation of the tetracarbonylferrate anion with polysulfide {229) or 
hyposulfite {211) ion leads to a compound of another stoichiometry, 
[Fe 2 S 2 (CO) 6 ]. One may similarly obtain the analogous compound, 
[Fe 2 Se 2 (CO) 6 ] {13). Alkyl and aryl sulfur moieties bond readily with iron 
carbonyls, forming sulfur-bridged compounds of the type [Fe(SR)(CO) 3]2 


R 



yCO 

Fe^CO 

^CO 


(XVIII) {13)y a structure markedly similar to (XIV). The structure (XVIII) 
in which the Fe 2 X 2 ring is nonplanar is common to both the species 
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[FeX(CO) 3]2 and [Fe(XR)(CO) 3]2 X-S, Se. This structure, first 
suggested on the basis of infrared and dipole moment evidence (iJ), has 
been completely verified by X-ray studies of such species (76, 231a). 
The first route to a [Fe(SR)(CO) 3]2 species was the reaction between 
iron(II) salts, alkaline ethyl mercaptan, and carbon monoxide {232). The 
reaction between iron carbonyls and mercaptans has given such compounds 
with R = C 6 H 5 {233y 234, 235), C 2 H 5 {233, 234), a-naphthyl, or j3-naphthyl 
{234). Alkyl sulfides and iron carbonyls have given this type of product for 
R=CH 3 or C 2 H 5 {234). Diphenyl disulfide and iron carbonyls give 
[Fe(SC 6 H 5 )(CO) 3]2 {234), but in the case of the reaction between dimethyl 
disulfide and dodecacarbonyltriiron, two isomeric products of composition 
[Fe(SCH 3 )(CO) 3]2 have been isolated and shown to be different by their 
NMR spectra {69). The X-ray structure determination of [Fe(SC 2 H 5 ) 
( 00 ) 3]2 clearly shows the possibility of the existence of stereoisomers 
differing inlhe orientation of the ethyl groups with respect to the rest of the 
molecule {16). This possibility has been realized in the methyl derivatives 
{69). Mercaptobenzothiazole reacts with triiron dodecacarbonyl to give a 
material of composition [Fe 3 (CH 2 S 2 )(CO)io] {234). Triiron dodecacarbonyl 
and diethyldiselenide form a complex [Fe(SeC 2 H 5 )(CO) 3]2 {13), strictly 
analogous to the sulfur compounds already discussed. Compounds related 
to the [Fe(SR)(CO) 3]2 species, but having the two sulfur atoms linked by a 
carbon chain are somewhat more readily formed than are those from mono- 
dentate groups. The chelated ones are obtained from the reactions between 
iron carbonyls and 3,4-toluenedithiol, 1,2-ethanedithiol, and bis(trifluoro- 


CF3 

CF3 



(XIX) 


methyl)dithietene (XIX) {236). Dodecacarbonyltriiron and the cyclic 
polysylfides 

CF^CF^SCF^CF^ or tFzCFzSSSS- 

give a similar [Fe 2 (CO) 5 ] derivative with an SCF 2 CF 2 S bridging group {236). 
The use of o-aminobenzenethiol as a reagent produces a complex [Fe 2 
(SC 6 H 4 NH)(C 0 ) 6 ], with both RS and RNH bridging groups {237). 
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A mixed cobalt-iron carbonyl sulfide {238) is discussed in Section F, 1, a. 

The reaction between [FeBr 2 ( 00 ) 4 ] and Na[S 2 CN(CH 3 ) 2 ] leads to a 
compound {Fe[S 2 CN(CH 3 ) 2 ] 2 ( 00 ) 2 ) containing two four-membered rings 
{169b), 

Diphenyltellurium reacts with triiron dodecacarbonyl to give a complex 
which is not like the products from aryl sulfur compounds, but a simple 
substitution product of the formula [Fe(00)4Te(06H5)2]. Treatment of 
tetracarbonylferrate anion or triiron dodecacarbonyl with bis(p-anisyl)- 
tellurium produces the tellurium-bridged species [Fe(Te 06 H 400 H 3 ) 
( 00 ) 3)2 analogous to the sulfur-containing compounds {165), Reaction bet¬ 
ween the complexes [FeSR( 00 ) 3]2 and o-phenanthroline gives mixed 
complexes [FeSR(00)(o-phen)]2 (2JJ, 234), The reactions between tertiary 
phosphines and the selenium complexes [Fe(SeR)( 00 ) 3]2 have been des¬ 
cribed {239), 

An unusual group of covalent compounds includes [Fe3As2(00)ii], 
[Fe 2 Sb( 00 ) 8 ], and [Fe 5 Bi 2 ( 00 ) 2 o] obtained by treatment of tetracarbonyl¬ 
ferrate ion with compounds of the trivalent metalloids. These products have 
very complicated structures, presumably bridged through the Group V 
atoms {240), 

b. Nitrosyl-Carbonyl Derivatives. The well-known dicarbonyldinitrosyl- 
iron, [Fe(CO) 2 (NO) 2 ], can be prepared by the treatment of iron carbonyls 
with nitric oxide (247), by reaction between the tetracarbonylferrate anion 
and nitrous acid {242), or most advantageously by reaction between nitrosyl 
chloride and iron pentacarbonyl {243), The direct combination of bases with 
[Fe(CO) 2 (NO) 2 ] can give displacement of both carbonyl groups, with 
formation of [Fe(NO) 2 L 2 ] species {244), L = CNR {224), P(C 6 H 5)3 {245, 
246, 247), P(0C5H5)3 {246), As(C6H5)3 {243), (C5H5)2PCH2CH2P(C6H5)2 
{243), However, with care one may also obtain the monosubstituted 
derivatives, [Fe(CO)(NO) 2 L], L = P(C6H5)3 {243), As(C6H5)3, As(C6H4- 
CH3)3 {246), Sb(C,H5)3 {246,247), Sb(C,H4CH3)3 {246), Te(C,H5)2 {165). 
The treatment of [Fe(CO) 2 (NO) 2 ] with P 2 (CH 3 ) 4 , P 2 (C 6 H 5 ) 4 , As 2 (CH 3)4 
{248), or As 2 (CF 3)4 {147) yields the ER 2 -bridged species, [FeER 2 (NO) 2 ] 2 , 
with the Fe 2 E 2 ring planar, in contrast to the situation with the S- and 
E-bridged carbonyl species. One carbonyl-containing species, [(NO) 2 (CO)- 
FeP 2 (CH 3 ) 4 Fe(CO)(NO) 2 ], has been isolated from this type of reaction 
{248), Treatment of the ERi-bridged complexes [FeER 2 (CO) 3]2 with 
nitric oxide leads to no new complexes {248), 

The anion [Fe(CO) 3 (NO)]^, isoelectronic with [Fe(CO) 2 (NO) 2 ], can be 
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obtained by the action of alcoholic sodium hydroxide or sodium amalgam in 
tetrahydrofuran on [Fe(CO) 2 (NO) 2 ] {249y 250). Another route to this anion 
is the action of nitrite ion on the tetracarbonylferrate anion {251). The 
infrared spectrum of [Fe(CO) 3 NO]“ shows that (as expected) it has more 
metal-carbon double-bond character than the isoelectronic and isostructural 
[Co(CO) 3 NO] {252). Once formed, the [Fe(CO) 3 (NO)]~ anion undergoes a 
number of reactions. Acidification at low temperature yields a hydride 
[FeH(CO) 3 NO], which decomposes at —45°C to [FeH 2 ( 00 ) 4 ] and 
[Fe(CO) 2 (NO) 2 ]. Reaction with nitrous acid leads again to [Fe(CO) 2 (NO) 2 ]. 
Mercuric cyanide or salts of arsenic, antimony, bismuth, thallium, and tin 
give covalent derivatives, e.g., Hg[Fe(CO) 3 (NO )]2 and Cl 2 Sn[Fe(CO) 3 - 
(N0)]2 (251). 

The reactions of Hg[Fe(CO) 3 NO ]2 are very similar to those of the 
isoelectronic compound, Hg[Co(CO) 4 ] 2 . Pyridine causes disproportionation 
of Hg[Fe(CO) 3 NO] 2 , as do ethylenediamine and p-methoxyphenyl iso¬ 
cyanide (253). The mercury derivative reacts with certain ligands to give 
stable complexes Hg[Fe(CO) 2 (NO)L] 2 , where L=:P(C 6 H 5)3 (255, 254), 
P(C6Hn)3, P(0C6H5)3, As(C 6H5)3, Sb(C6H5)3 (253), or P[N(CH3)2]3 (254). 
Under more drastic conditions the ionic complex [Fe(CO) 2 NO(tdp) 2 ]'*‘[Fe 
(C 0 ) 3 N 0 ]“, where tdp = P[N(CH 3 ) 2 ] 3 , may be obtained, or ultimately the 
carbonyl-free material [Fe(NO) 2 (tdp) 2 ] (254). In the NMR spectrum of the 
latter compound, which is tetrahedral, the P—P coupling is much smaller 
than in the spectra of ^ran5-bis(phosphine) five- or six-coordinate structures 
(254). Other heavy metal derivatives of the [Fe(CO) 3 NO]" anion likewise 
undergo substitution by suitable bases, giving, e.g., Sn[Fe(CO) 2 (NO)L] 4 , 
L = P(C6H5)3, As(C 6H5)3, P(C6Hn)3, and Cd[Fe(CO) 2 (NO)L] 2 , L = 
P(C 6 H 5 ) 3 , As(C 6 H 5 ) 3 . These phosphine- or arsine-containing complexes 
are more stable than their precursors (253). Tetramethylbiphosphine and 
Hg[Fe(CO) 3 NO ]2 produce a complex mixture of products, including those 
also obtained from the ligand and [Fe(CO) 2 (NO) 2 ] (248). 

c. Derivatives of the Carbonyl Halides. The halogenation under mild 
conditions of iron carbonyl-base complexes yields stable complexes, e.g., 
[Fel 2 (CO) 2 (py) 2 ] {255), {Fel5(CO)2[P(C6H5)3]2} {215), and [Fe(C 3 F,)I 
(CO) 2 (diphosphine)] {218). Careful oxidation of [Fe(CO) 3 (diarsine)] with 
one equivalent of iodine gives the unusual five-coordinate, paramagnetic 
complex [FeI(CO) 2 (diarsine)], while use of an excess of iodine or bromine 
gives [Fel 2 (CO) 2 (diarsine)] {219). An infrared spectroscopic study has 
shown that halogenation in ether of [Fe(CO) 4 CNR] gives products of the 
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composition [FeX 2 (CO) 3 CNR] (XX), whereas the same treatment of 
[Fe(CO) 3 (CNR) 2 ] gives [FeX 2 (CO) 2 (CNR) 2 ] (XXI), with X = Cl, Br, I; 


R 



(XX) (XXI) 

and R= Bromine or iodine easily breaks the 

metal-metal bond in [FeER 2 (CO) 3 ] 2 , forming [FeX(ER 2 )(CO) 3 ] 2 , X = Br, 
I; ER 2 = P(CH 3 ) 2 , As(CH 3 ) 2 , in which the methyl groups are all equivalent, 
although they are nonequivalent in the starting material {126). 

Bases displace carbon monoxide from the carbonyl halides to give 
products like those obtained from the halogenation of base complexes. The 
appropriate halides [FeX 2 (CO) 4 ] and bases have given [FeX(CO) 3 L] with 
X = C1 and L = ^C 4 H 9 NC, ^-CH 3 C 6 H 4 NC (5J); X = Br and L = ^ 
C 4 H 9 NC, /)-CH 3 C 6 H 4 NC (5J), Te(C 6 H 5)2 {165 ); and X = I and L = CH 3 
NC {224), ^-C4H9NC,/)-CH3C6H4NC {53), Te(C6H5)2 {165), Sb(C6H5)3 
{247), P( 0 C 6 H 5)3 {244 ); [FeX 2 (CO) 2 L 2 ] with X = Cl and L = P{C,H,,)„ 
As(C 6 H 5 ) 3 , Sb(C 6 H 5 ) 3 , alkyl and aryl phosphates {247); X=Br and 
L = P(C 6 Hij) 3 , As(C 6 H 5 ) 3 , Sb(C 6 H 5 ) 3 , alkyl and aryl phosphates {247), 
diarsine {219); X = I and L = py, o-phen, o-C 6 H 4 (NH 2)2 {256), diarsine 
{219), CH 3 NC {224); [FeX 2 (CO)(/>-CH 3 C 6 H 4 NC) 3 ] with X-Cl, Br, I 


R 

N 

C 



C 

N 

R 


(XXII) 
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(53), Structure (XXII); and [Fel 2 (C 0 )(/>-CH 30 C 6 H 4 NC) 3 ] {224), Con¬ 
sidering perfluoroalkyl groups as pseudohalogens (7), one may cite the 
following products from the reaction of ligand and iron carbonyl halide: 
[Fe(C 3 F 7 )I(CO) 3 P(C 6 H 5 ) 3 ]; [Fe(C 3 F 7 )I(CO) 2 L 2 ] with L = py, dipy (257), 
diphosphine {218)\ [Fe(C 3 F 7 ) 2 (CO) 2 L 2 ], L = py, dipy (257); and [Fe 
(CF 2 ) 4 (CO) 2 (diphosphine)] {218), 

A third route to substituted iron carbonyl halides is by carbonylation of 
phosphine-metal halide complexes. This reaction [its facility depending 
upon the steric requirements of the phosphine employed, and decreasing, 
in the order P(C2H5)3 > P(C2H5)2C6H5 > PC2H5(C6H5)2 > P(C 6 H 5)3 (255); 
(C6H5)2PCH2CH2P(C6H5)2>PC2H5(C6H5)2 {218)] has given the cis 
complexes[FeX2(CO)2L2],X = Cl;L = P(C2H5)3,P(C2H5)2C6H5,P(C2H5) 
(C 6 H 5)2 (255), diphosphine (2i5); and X = Br, I, NCS; L = P(C 2 H 5)3 
(255). When reduced with metal hydrides or metal alkyls in the presence of 
carbon monoxide this type of complex [L = P(C 6 H 5 ) 3 , PC 2 H 5 (C 6 H 5 ) 2 , 
diphosphine] affords the known tricarbonylbis(phosphine) complexes. 
Preliminary carbonylation or even formation of the phosphine-metal halide 
complex is not necessary; reduction of a mixture of metal halide and 
phosphine in the presence of carbon monoxide gives [Fe(CO) 3 L 2 ] and 
[Fe(CO) 4 L] (2i5). Cis-trans isomerization of [FeCl 2 (CO) 2 L 2 ] has been 
noted under mild conditions for L = (C 6 H 5 ) 2 PCH 2 CH 2 P(C 6 H 5 ) 2 , but not 
forL = PC2H5(C5H5)2(2i5). 

While no [FeSRf(CO) 3]2 compounds with simple RfS bridging groups 
have been prepared, the treatment of [Fe(C 3 F 7 )I(CO) 4 ] with CF 3 SAg 
permits the isolation of a compound of composition [Fe(C 3 F 7 )(SCF 3 ) 
(CO) 3 ] 2 . In the proposed structure (XXIII), the presence of the C 3 F 7 
groups on iron removes the need to postulate a metal-metal bond to explain 
the observed diamagnetism {236). 


o o 

c c 


oc 


C 3 F 7 



CF, 

C_ i 


I 

r 

"e 

( 

1 

"e 


-0 

CF3 



C 3 F 7 


CO 


o o 


(XXIII) 



Lewis Base-Metal Carbonyl Complexes 


233 


d. Derivatives of Organoiron Carbonyls. The treatment of tricarbonyl- 
(diene)iron complexes and related materials with bases such as triphenyl- 
phosphine has frequently been used as a method of displacing the organic 
ligand to aid in characterization of the complex (259). The other product of 
the reaction is then a well-known complex, such as [Fe(CO) 4 P(C 6 H 5 ) 3 ] or 
{Fe(CO) 3 [P(C 6 H 5 ) 3 ] 2 }. Under milder conditions, mixed carbonyl(base)- 
(hydrocarbon)iron complexes may be isolated, e.g., [Fe(CO) 2 (C 4 H 6 )L], 
L = P(0C2H5)3, PCsHsCOR)^ (260); [Fe(CO)2(C8H8)(As(C6H5)3] (259); 
[Fe(CO) 3 (maleic anhydride)P(C 5115 ) 3 ] {261 ); [Fe(CO) 2 (cyclopentadienone) 
P(C 5 H 5 ) 3 ] (262); [Fe(CO) 2 (tropone)P(C 5 H 5 ) 3 ] (26J); [Fe(CO) 2 ( 2 , 5 -meth- 
oxy-l-tricarbonylferrate)(S 02 )] (227), and [FeX(CO) 2 ( 7 r-C 3 H 5 )P(C 6 H 5 ) 3 ], 
X = Br, I {264), Certain organosulfur compounds form iron carbonyl 
derivatives which apparently have sulfur-metal bonds as well as bonds from 
hydrocarbon moieties. These compounds were discovered in work stimu¬ 
lated by the finding that sulfur-containing carbonyl compounds were formed 
in the desulfurization of thiophene with iron carbonyl (265). Alkyl vinyl 
sulfides form complexes believed to be of the type (XXIV). Related com- 


(CO)3Fe 


.CH-=CH2 


Fe(CO)3 


R 


(XXIV) 


pounds are the thianaphthene derivative with the framework (XXV) (79) 
and the 2,2'-dithienyl derivative with the framework (XXVI) (2J7). 



(XXV) (XXVI) 


Phenyl isocyanate or phenyl azide and iron carbonyls combine to form 
an unusual complex of possible structure (XXVII). 

O 

CftHsN-^Fe^'^^Fe^NC.Hs 
OC^\ /^CO 
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(XXVII) 
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The butyl analog has been prepared. Triphenylphosphine replaces one 
mole of carbon monoxide per iron atom, without rupturing the ring, 
forming {Fe2(CO)3(C6H5NCO)2[P(C6H5)3]2} (225), 

Tetracarbonyldi(7r-cyclopentadienyl)diiron [FeCp(CO) 2]2 (Cp = C5H5), 
and its simple derivatives also undergo base-substitution reactions. Treat¬ 
ment of [FeClCp(CO) 2 ] with CO and P(C 6 H 5 ) 3 , As(C 6 H 5 ) 3 , or Sb(C 6 H 5)3 
affords the complex cations [FeCp(CO) 2 L]'^. Reduction of [FeCp(CO )2 
P(C 6 H 5 ) 3 ]'^ with sodium borohydride furnishes a neutral complex, [Fe(CO )2 
(C 5 H 6 )P(C 6 H 5 ) 3 ] (266). A contrasting reaction, in that a carbonyl group is 
replaced, but the halide ion is retained, is that between [FeICp(CO) 2 ] and 
phenyl isocyanide; the products are [FeICpCO(C 6 H 5 NC)] and [FelCp 
(C 6 H 5 NC) 2 ] (J50f 267). The corresponding chloride and bromide complexes 
give no complexes which retain carbonyl groups (150). Similarly, [FelCp 
( 00 ) 2 ] and P(C 6 H 5)3 give in addition to the ionic species, [FeCp(CO )2 
P(C 6 H 5 ) 3 ]+, the covalent [FeICp(CO)P(C 6 H 5 ) 3 ] (150). Tris(dimethyl- 
amino)phosphine and [FeICp(CO) 2 ] give only the ionic material [FeCp 
(CO) 2 tdp]'^I“. Alkylation of K[Fe(CN) 2 CpCO] with activated organic 
iodides or bromides gives, e.g., [FeCNCpCO(CNR)] and then [FeCpCO 
(CNR) 2 ] (R = allyl) (151). 

The tetraalkyl and tetraarylbiphosphines and biarsines react with 
[FeCp(CO) 2]2 to give the ER 2 -bridged dimers [FeCpER 2 CO ]2 (XXVIII) 


Cp^ 

co^ 


::e: 




(xxviin 


/CO 

^Cp 


(14). These complexes can also be obtained from the reaction between 
[FeCp(CO) 2 ]Na and ECIR 2 . Stereoisomers of [FeCpP(CH 3 ) 2 CO ]2 have 
been detected; they differ in the relative orientation of the methyl groups. 
An unusual by-product of one of these reactions is (XXIX), which has only 


Fe^ .Fe^ 
OC^ ^ 

(XXIX) 


CO 

Cp 


one bridging PR 2 group. Of course, the hydrogen atom is probably associated 
with both iron atoms and is effectively a bridging group (14) [cf. (VII)]. 
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An interesting variation is observed in the reaction between [FeCp(CO) 2]2 
and As 2 (CF 3 ) 4 . Since the As(CF 3)2 group isa weaker donor than As(CH 3 ) 2 , 
the primary product of this reaction is a monomeric complex, [FeCpAs 
(CF3)2(C0)2], in which the As(CF 3)2 group acts as a pseudohalogen. Upon 
irradiation the normal, bridged complex [FeCpAs(CF 3 ) 2 CO ]2 is formed 
{147), 

The halide [FeBrCp(CO) 2 ] reacts with P 2 (CH 3)4 and As 2 (CH 3)4 to give 
the ionic [compare the behavior of P(C 6 H 5 ) 3 ] single-bridged complex 
[FeCp(CO) 2 ER 2 FeCp(CO) 2 ]+Br- {268), Treatment of [FeBrCp(CO) 2 ] 
with KCN in aqueous ethanol yields the ionic product K 2 [Fe(CN) 2 CpCO], 
which can be alkylated with activated organic bromides or iodides to give 
isonitrile complexes, e.g., [FeCpCN(CO)(CNC 3 H 5 )] and [FeCpCO(CNC 3 - 
H 5 ) 2 ]Br {207). Potassium cyanide and [FeCp(CO) 2]2 afford the complex 
K2[Fe(CN)2Cp(CO)] {207). 

From [FeCp(CO) 2 ] and CH3SSCH3 a sulfur-bridged complex (XXX) 


Cp 


OC 


CHj, 

CH3 

(XXX) 


^co 

"'Cp 


may be obtained {19), The RS- (XXX) and -ER 2 (XXVIII) bridged 
compounds are clearly analogous. The reaction between Na[FeCp(CO)2] 
and CICH2CH2SCH3 leads to a normal alkylated product [FeCp(CH 2 CH 2 
SCH 3 )(C 0 ) 2 ], which on irradiation yields [FeCp(CO) 2 ] 2 , [FeCp(SCH 3 ) 
(CO )]2 (XXX), an acyl compound [FeCp(COCH 2 CH 2 SCH 3 )CO], and an 
unusual nonbridged methyl thio compound, [FeCp(SCH 3 )(CO) 2 ], which 
can also be prepared by the reaction between CH 3S SCH3 and [FeHCp(CO) 2] . 
The complex [FeCp(SCH 3 )(CO) 2 ] is alkylated exothermically with methyl 
iodide to give an ionic complex of dimethyl sulfide [FeCp(CO) 2 S(CH 3 ) 2 ]'^I- 
{152), Thus the normally bridging groups -SR {152) and -AsR 2 {147) can 
function as pseudohalogens. 

An interesting new development is the finding that SO 2 may be inserted 
in metal-carbon bonds just as CO may be, e.g.[FeCpR ( 00 ) 2 !^[FeCp 
(RS 02 )(C 0 ) 2 ] {268a), 

2. Ruthenium and Osmium 

Perhaps because of their relative unavailability the simple carbonyls of 
ruthenium and osmium have not been reported to combine with basic 
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ligands. However, the polymeric complex [Rul 2 (CO) 2 ] reacts with bases to 
give quite stable materials of composition [Rul 2 (CO) 2 L 2 ], L = NH 3 (269), 
py (269, 270),/)-CH3C6H4NH2, C 6 H 5 NH 2 , CH 3 CN, dipy, AsCH 3 (C 6 H 5)2 
P(C.h1 As(C:h:),, and Sb(C.H,),'^7I)). 

The tendency of the heavier transition metals to exhibit readily variable 
valence states and coordination numbers is demonstrated by a series of 
remarkable and facile preparations of ruthenium and osmium carbonyl 
compounds, in which carbonyl and hydride groups are derived from alcohols 
(277-276). If one boils the simple or complex halides of ruthenium or 
osmium in the presence of a tertiary phosphine or arsine, in a suitable 
alcohol, e.g., CH3OCH2CH2OH, CH 2 =CHCH 20 H, or C2H5OH contain¬ 
ing KOH, one may isolate a number of types of complexes, many containing 
hydride and/or carbonyl groups. The systems are very complicated, and a 
frequent product is of the type [MHXCOL3], which reacts further as shown 
in Eq. (12) (277), with loss of hydrogen. Compounds of other “platinum- 

HCl 

[RuHClCOLa] ^ [RUCI 2 COL 3 ] [L = P(C2H5)2C6H5] (12) 

KOH 

group” elements, including rhenium, rhodium, and iridium, are known to 
undergo similar reactions. One detailed paper has appeared, on which the 
following discussion is based (275). The compounds of formulation 
[OSHXCOL3], X = Cl, Br; L = P(C 6 Hs) 3 , As(C 6 H 5)3 are best made by 
treatment of (NH4)20sX6, X = Cl, Br with the ligand in a suitable alcoholic 
solvent. Reference (275) gives the exact reaction conditions used for best 
results. The products are air-sensitive in solution but exceedingly stable in 
the crystalline state. Although other evidence, particularly infrared spectra, 
shows conclusively the presence of hydrides, the NMR spectra show no 
sign of a characteristic metal-hydride resonance where it is usually found. 
The deuterated compounds have been made, and labeling experiments have 
shown that the solvent is the source of the carbonyl groups in these com- 


Br 
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plexes. The exact courses of the reactions remain a subject for investigation. 
Certainly they are among the most unusual processes found in organo- 
metallic chemistry. A single-crystal X-ray structure of {OsHBrCO[P(C 6 
Hsjsjs} indicates octahedral coordination with the hydride ion occupying a 
normal position (XXXI) (276). 

A detailed study of the hydridocarbonylation of ruthenium compounds 
has now appeared {276a), 

F, Cobalt, Rhodium, and Iridium 
1. Cobalt 

a. The Direct Reaction of the Carbonyl with Bases, Strong bases cau se ready 
disproportionation of cobalt carbonyls, forming, e.g., [Co(py) 6 ]^+[Co 
(CO) 4 ] 2 “ {3), Nine electrons short of the krypton configuration, cobalt 
might be expected to form base-carbonyl complexes found as paramagnetic 
monomers, diamagnetic dimers, or diamagnetic ions. These types of 
behavior have indeed been observed. 

Triphenylphosphine reacts with octacarbonyldicobalt in nonpolar 
solvents to give the simple product of substitution of one carbonyl group on 
each cobalt atom, [Co(CO) 3 P(C 6 H 5 ) 3 ] 2 , but in polar solvents dispropor¬ 
tionation occurs, producing {Co(CO) 3 [P(C 6 H 5 ) 3 ] 2 }'^[Co(CO) 4 ]~ {17, 277- 
281). The cation of this complex is isoelectronic and isostructural with the 
neutral species (Fe(CO)3[P(C6H5)3]2} {280). The tetramer [Co4(CO)i2] also 
combines with triphenylphosphine, forming [Co(CO) 3 P(C 6 H 5 ) 3]2 {282). An 
interesting solvent effect is found when Co 2 (CO )8 is treated with P(C 6 H 5)3 
in Nujol. The products include not only the two previously mentioned 
complexes, but a new one, [Co 2 (CO) 7 P(C 5115 ) 3 ] {283), The two cobalt atoms 
in this material {283) and in [Co(CO) 3 P(C 6 H 5 ) 3]2 {280) are linked only by a 
metal-metal bond, although Co 2 (CO )8 displays bridging carbonyls. The 
analogous ionic compounds [Co(CO) 3 L 2 ]''‘[Co(CO) 4 ]" have been similarly 
obtained with the ligands P(C 2 H 5 ) 3 , P(C 6 Hii) 3 , As(C 6 H 5 ) 3 , and Sb(C 6 H 5 ) 3 , 
although in the latter two cases this complex decomposes at 0°C to the 
[Co(CO) 3 L ]2 species {17). The [Co(CO) 3 L ]2 complexes have also been 
prepared directly in pentane with L = P(C 2 H 5 ) 3 , P(C 6 Hn) 3 , P(OC 6 H 5 ) 3 , 
As(C 6 H 5 ) 3 , and Sb(C 6 H 5)3 (77), and in benzene with L = P(C 2 H 5 ) 3 , 
P(C5H5)3, P{p^C\C,Hf)„ P(p-FC5H4)3 {281), P(OC5H5)3 {281, 245). 

When mixed, Co 2 (CO )8 and P(C 6 H 5)3 proceed at a rate too fast to be 
measured at 0° C to an addition complex, [Co 2 (CO) 8 P(C 6 H 5 ) 3 ], which then 
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undergoes first-order decomposition at a slower rate to [Co 2 (CO) 7 P(C 6 H 5 ) 3 ] 
which reacts rapidly with additional ligand to give the final products (66). 
Only the ionic product [Co(CO) 3 (tdp) 2 ]‘^[Co(CO) 4 ]“ may be isolated from 
the reaction of [Co 2 (CO) 8 ] and P[N(CH 3 ) 2 ] 3 , although traces of a covalent 
species may be detected {71). The chelating ligand l,2-bis(diphenyl- 
phosphino)ethane and [Co 2 (CO) 8 ] give an ionic material [Co 2 (CO) 4 (di- 
phosphine) 3 ] ^+[Co(CO) 4 ] 2 ”; the cation, of which other salts can be prepared, 
has no bridging carbonyl groups {159). Tetraphenylbiphosphine and 
[Co 2 (CO) 8 ] react to afford a product of composition [Co(CO) 3 P(C 6 H 5 ) 2 ] 2 , 
which probably has structure (XXXII), although there is some uncertainty 
about the molecular weight {161 y 221). 


yPR \ 

(CO)3Co( “ ;Co(CO), 

(XXXII) 

The same material can be prepared from the combination of Na[Co(CO) 4 ] 
with PC1(C6H5)2 {161 y 284). When tetramethylbiphosphine and [Co 2 (CO) 8 ] 
are heated, the only isolable product is the novel compound {Co 3 [P(CH 3 ) 2]2 
( 00 ) 7 ), which is diamagnetic and has both terminal and bridging carbonyl 
groups. The several possible structures involve a triangular array of cobalt 
atoms {161). The treatment of {Co(CO) 3 [P(C 6 H 5 ) 3 ] 2 }‘^[Co(CO) 4 ]“ with 
LiCl, LiBr, or KCNS in boiling acetone produces yet another polymeric 
material, which has been formulated as {Co(CO) 2 [P(C 6 H 5 ) 3 ]}„ {285). 

The neutral cobalt carbonyl-phosphine complexes are very easily reduced 
by sodium amalgam to the corresponding anions (with the krypton con¬ 
figuration), as is cobalt carbonyl itself (256, 287). Acidification of Na+[Co 
(C 0 ) 3 P(C 6 H 5 ) 3 ]~ gives a hydride [CoH(CO) 3 P(C 6 H 5 ) 3 ], which is more 
stable but less acidic than [CoH(CO) 4 ] (256, 257). The phosphine- 
substituted hydride and the anions [Co(CO) 3 PR 3 ]“, R = C 6 H 5 , OC 6 H 5 , 
react with metal salts, forming covalent compounds of cadmium, zinc, tin, 
thallium, copper, silver, and, most significantly, mercury, e.g., Hg[Co 
(C0)3L]2 (256, 257). The chemical properties of the phosphinetricarbonyl- 
cobalt hydride, anion, and mercury derivatives are quite like those of the 
corresponding tetracarbonylcobalt compounds. 

The mercury compounds Hg[Co(CO) 3 L] 2 , L = P(C 2 H 5 ) 3 , P(C 6 H 5 ) 3 , 
P(C 6 Hii) 3 , As(C 6 H 5 ) 3 , and Sb(C 6 H 5 ) 3 , may also be obtained by treatment 
of mercury tetracarbonylcobaltate Hg[Co(CO) 4]2 with the ligand in 
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acetone, although trimethyl phosphite under these conditions yields only 
metallic mercury and [Co(CO) 3 P(OCH 3 ) 3]2 (282). With benzene as solvent, 
the direct reaction of Hg[Co(CO) 4]2 Avith P[N(CH 3 ) 2]3 gives Hg[Co(CO )3 
(tdp )]2 (7i). The zinc, cadmium, tin, and thallium derivatives of [Co(CO) 4 ]“ 
also give substitution products containing the [Co(CO) 3 L] group (282). The 
use of Nujol as a reaction medium permits the isolation from a mixture of 
Hg[Co(CO) 4]2 and P(C 6 H 5)3 of an unstable monosubstituted compound 
Hg[Co(CO)4][Co(CO)3P(C6H5)3] (283). 

The known catalytic effect of sulfur in the synthesis of cobalt carbonyl 
from the metal and carbon monoxide and the inhibiting effect of sulfur 
compounds on the oxo reaction have pointed the way to the existence of a 
number of cobalt carbonyl derivatives containing sulfur. Elemental sulfur 
{288, 289, 290) and hydrogen sulfide {291) have been shown to react with 
[Co 2 (CO) 8 ] in alkane solvents at room temperature, yielding complexes of 
composition [Co 2 S(CO) 5 ]„, [ 0038 ( 00 ) 9 ] {288, 289, 290), and [ 00382 ( 00 ) 7 ] 
{290). The action of 00 at higher temperatures and pressures on [O 02 S 
( 00 ) 5 ]„ gives the trimeric species, which also are obtained by acidification of 
a mixture of sulfite and tetracarbonylcobaltate ions {288, 290). The infrared 
spectrum of [ 0038 ( 00 ) 9 ] suggests structure (XXXIII), which contains the 
familiar triangular array of metal atoms {288, 290). For [ 00382 ( 00 ) 7 ], 
structure (XXXIV) has been proposed {290). 

(CO)3Co^4^Co(CO)j (CO)jCo'^1+^Co(CO)j 

(CO), (CO)2 

(XXXIII) (XXXIV) 

The combination under pressure of synthesis gas ( 2 OO/H 2 ) with 
[Fe( 00 ) 5 ], [ 002 ( 00 ) 3 ], and either thiophene, ethyl mercaptan, or sulfur 
itself gives a mixed-metal compound, [FeOo 2 S( 00 ) 9 ], which may also be 
prepared by treatment of [Fe2S2(00)6] with [Oo2(00)8]. This stable 

(CO)3Co^^$^Co(CO), 

(CO)3 

(XXXV) 

material apparently has a structure (XXXV) like that of [ 0038 ( 00 ) 9 ] 
(XXXIII) {238). Little is known of another polymeric complex [ 0 o 4 ( 00 )io 
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CS 2 ], which has no bridging carbonyl groups and is prepared direcly from 
CS 2 and [Co 2 (CO) 8 ] {292), 

The reaction of mercaptans with cobalt carbonyl has long been known to 
give sulfur-bridged complexes of the type [CoSR(CO) 3 ] 2 , with R = C 2 H 5 , 
C 6 H 5 {233), The compound [Co(SC 2 H 5 )(CO) 3]2 reacts further with 
o-phenanthroline to give monomeric [Co(SC 2 H 5 )(CO) 2 (o-phen)] {233), 
The carbonylation under mild conditions of Co(SC 2 H 5)2 leads to a mono¬ 
carbonyl species [Co(SC 2 H 5 ) 2 CO ]4 {292a), 

Recent studies of the action of mercaptans and dialkyl sulfides on cobalt 
carbonyls in hexane have led to less simple species. A 1/1 mixture of 
C 2 H 5 SH or C 2 H 5 SSC 2 H 5 and [Co 2 (CO) 8 ] yields [Co 4 (SC 2 H 5 ) 3 (CO) 7 ], 
from which excess mercaptan displaces more CO to furnish [Co 4 (SC 2 - 
H 5 ) 7 (C 0 ) 5 ]. These species, having several terminal and bridging carbonyl 
bands in the infrared, obviously have very elaborate structures, perhaps 
related to that of [Co 4 (CO)i 2 ]- Whereas ethyl mercaptan thus displaces CO 
primarily, benzyl mercaptan first undergoes desulfurization to form 
[ 0038 ( 00 ) 9 ], which then undergoes substitution to form [Co 3 S(SCH 2 C 6 H 5 ) 
( 00 ) 5 ]. Structure (XXXVI), related to that of [ 0038 ( 00 ) 9 ] has been 
suggested for the latter substance {291), 

R 

(CO)2(;o( )Co(CO)2 

(CO )2 

(XXXVI) 

Diphenyltellurium and cobalt carbonyl react to form [Co 2 Te(CO) 5 ]„, 
fully analogous to [Co 2 S(CO) 5 ]„ {165), 
b, NitrosyhCarbonyl Derivatives, The tetrahedral {293) species tri- 
carbonylnitrosylcobalt, the preparation of which from acidified mixtures of 
nitrite and tetracarbonylcobaltate ions has been thoroughly studied {242^ 
294)y undergoes ready replacement of one or two molecules of carbon 
monoxide. The products are a series of compounds [Co(CO) 2 (NO)L], with 
L = P(C6H5)3 {36,244,295), P(OC6H5)3 {244,295), P(C6Hn)3, As(C6H5)3, 
{295), Sb(C6H5)3 {246, 295), As(^-CH3C6H4)3, As(^-C1C6H4)3, Sb(/>- 
CH 3 C 6 H 4 ) 3 , and Sb(/)-ClC 6 H 4)3 {246); or under more severe conditions 
[Co(CO)(NO)L 2 ], with L = o-phen {36, 244), py, dipy {295), P(C 6 H 5)3 {36, 
246, 295), P(0C,H5)3 {246, 295), P(C 6 Hn )3 {295), PCl{CeUs)2 {36), 
As(C 6 Hs )3 {295), Sb(C 6 Hs )3 (295),/)-CH 3 C 6 H 4 NC {36), and ^^nC 4 H 9 NC 
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( 36 ). The mixed derivative {Co(CO)(NO)[P(C6H5)3][As(C6H5)3]} has been 
made in a two-step reaction ( 295 ). The infrared spectra of a large number of 
these complexes have been studied ( 36 ). While the [Co(CO)(NO)L2] species 
resist replacement of the last carbonyl group ( 246 , 295 ), carbonyl-free 
products have been obtained from [Co(CO)2(NO)L] or [Co(CO)(NO)L2] 
and mercaptans as sulfur-bridged species [CoSR(NO)L]2 ( 296 ). A metal- 
metal bond is postulated to provide for diamagnetism here (eight electrons 
from the ligands per Co), but not in the case of the complexes [CoSR(CO)3]2 
(nine electrons from the ligands per Co). Potassium cyanide reacts with 
[Co(CO) 3NO] and [Co(CO)2(NO)P(C6Hs)3] to give the corresponding ionic 
compounds,K+[CoCN(CO) 2 NO]-( 297 )andK[CoCN(CO)(NO)P(C 6 H 5 ) 3 ] 
( 295 ), respectively. Nitrogen dioxide causes the cleavage of all carbonyl 
groups from [Co(CO)3NO] ( 298 ). Hydroxide ion splits the nitric oxide 
group from [Co(CO)3NO], forming [Co(CO)4]" and other species ( 299 ). 

c. Derivatives of the Carbonyl Halides. Triethylphosphine-cobalt halide 
complexes, {CoX2[P(C2H5)3]2}, absorb carbon monoxide at room tempera¬ 
ture and one atmosphere, giving pentacoordinate cobalt(II) compounds of 
composition {CoX2CO[P(C2H5)3]2}, X = Cl, Br, I ( 255 ). Contrastingly, the 
high-pressure carbonylation of {Col2[P(C6H5)3]2} yields a dicarbonyl- 
cobalt(I) complex, {CoI(CO)2[P(C6H5)3]2} ( 285 ), while in the presence of 
copper as a halogen acceptor, the product is {Co(CO)3[P(C6H5)3]2}+[Cul2]“ 
( 279 ). The cobalt(I) complex {CoI(CO)2[P(C6Hs)3]2} may also be syn¬ 
thesized by treating {Co(CO)3[P(C6H5)3]2}''‘[Co(CO)4]‘“ with sodium 
iodide in hot acetone ( 255 ). A route to the cobalt(I) bromide analog entails 
high-pressure carbonylation of a mesityl compound, {CoBr[P(C6H5)3]2 
(CqHh)} ( 255 ). Although halogens completely cleave the carbonyl groups 
from the [Co(CO)3PR3]2 species, the milder halogenating agents CF3I and 
A^-bromosuccinimide react with Na^'[Co(CO)3L]“ giving the cobalt(I) 
complexes [CoX(CO)3L], X = Br, I; L = P(C6H5)3, P(OC6H5)3 ( 300 ). The 
tricarbonylmonophosphine halides appear to be more stable than the 



X 
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bis(phosphine) ones. Treatment of [CoBr(CO)3P(C6H5)3] with sodium 
amalgam reconverts the halo complex to the anion [Co(CO)3P(C6H5)3]~ 
{ 300 ). Infrared studies show the D^h structure (XXXVII) to be present in 
the compounds [CoX(CO)3L] { 285 ). From dipole moment studies it may be 
concluded only that the complexes [CoX(CO)2L2] have L groups trans to 
each other { 285 ). 

d. Derivatives of Organocobalt Carbonyls. Just as many alkyl, perfluoro- 
alkyl, acyl, and perfluoroacyl derivatives of cobalt carbonyl are obtained 
from treatment of Na+[Co(CO)4]~ with appropriate reagents, Na+[Co(CO)3 
P(C6H5)3]“ has given many analogous organo derivatives of the general type 
[CoR(CO)3P(C6H5)3], R = CH3 { 286 , 287 ), CF3, CF3CO { 301 ), C2F5, and 
C2F5CO { 302 ). Arylation of [CoBr(CO)3P(C6H5)3] with phenyllithium gives 
[Co(C6H5)(CO)3P(C6H5)3] { 300 ). In general, the phosphine-substituted 
organocobalt compounds are much more stable than their analogs con¬ 
taining only carbonyl groups and the organic group { 286 , 287 , 301 , 302 ). 
The stability and ready formation of the [CoR(CO) 3L] species from the 
ligands and perfluoroalkyl { 302 ), alkyl, acyl, allyl { 303 ), and other tetra- 
carbonylcobalt compounds, have led to the use of tertiary phosphines, 
notably triphenylphosphine, for isolating derivatives of intermediates in 
studies of the mechanism of many cobalt carbonyl-catalyzed organic 
reactions { 64 , 65 , 66 , 303 - 310 ). 

The mass of this work lies beyond the scope of this review, but a few 
prominent points may be cited. In most cases, treatment of either an alkyl or 
an acyl tetracarbonyl cobalt complex with triphenylphosphine gives only 
the acyl derivative, [Co(COR)(CO)3P(C6H5)3] { 304 , 306 ). The reactions of 
acyl, allyl, and hydridocobalt tetracarbonyl or acetylenedicobalt hexa- 
carbonyl complexes with phosphines are first order in the cobalt complex, so 
a dissociation mechanism prevails { 64 , 65 , 66 ). However, the reaction 
between [Co(CO)3NO] and P(C6H5)3 is second order ( 66 ). 

While no additional tertiary phosphine can be inserted into the organo¬ 
cobalt complexes [CoR(CO)3PR3], in the case of the methylcobalt compound 
treatment with trimethyl phosphite has given further substitution, forming 
compounds of the type [Co(COCH3)(CO)2(PR3)P(OCH3)3] with PR3 = 
P(C6H5)3, P(/)-CH30C6H4)3, and P(OCH2)3C2H3(TMPP) { 307 ). In the 
presence of excess P(OCH3)3, the original phosphine ligand can be replaced, 
leaving {Co(COCH3)(CO)2[P(OCH3)3]2}. Treatment of the latter with base 
gives the expected anion of the type [Co(CO)2L2]“, which can be methylated 
to give {CoCH3(CO)2[P(OCH3)3]2}. This in turn will undergo displacement 
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of one more mole of carbon monoxide, finally yielding {Co(COCH3)CO- 
[P(0CH3)3]3}; corresponding reactions with trimethylolpropane phosphite 
(TMPP) give products which are easier to isolate. Hydrogenation of 
[Co(COCH 3)(CO)2(TMPP)2] has given the only hydride of its class, 
[CoH(CO) 2 (TMPP) 2 ] {307). Carboalkoxy complexes of a new type 
[Co(COOR)(CO) 3(PR3)] have recently been reported {311). 

The treatment of organocobalt carbonyl complexes formed from acetylene 
and cobalt carbonyl with phosphines also gives organocobaltcarbonylphos- 
phine complexes, e.g., {Co2(CO)4(C6H5C=CC6H5)[P(C6H5)3]2} {312). 

The versatile ligand P2(CH3)4 combines with [CoCp(CO)2] to form a 
single-bridged species [(CO)CpCoP(CH3)2P(CH3)2CoCp(CO)], although 
P2(C6H5)4 leads to the double-bridged carbonyl-free product [CoCp 
P(C6H5)2]2 {198a). When [CoCp(CO)2] is treated with CH 3 SSCH 3 , 
[CoCpSCH3]2 is formed {19). 

2 . Rhodium 

The direct reaction of rhodium carbonyl species with bases has been 
described only for the carbonyl halides [RhX(CO)2]2 which give in a 
straightforward manner the ^raw 5 -square-planar complexes [RhX(CO)L2], 
with X = C 1 ; L = P(C6H5)3 {313, 314), As(C6H5)3 {313, 314), P(C 6 Hn )3 
{313), P(/)-CH 3 C,H 4 ) 3 , P(/)-CH30C,H4)3 {314), P{p-CIC,H,), {314, 315), 
As{p-CU,Celi,)3. As(/)-C 1C6H4)3, Sb(C6H5)3, Sb(;)-CH3C6H4)3, Sh{p- 
C 1 C 6 H 4)3 {314), P( 0 C 6 H 5 ) 3 , P( 0 CH 3)3 {315), and;)-CH30C6H4NC {316, 
317)\ and with X = Br; L = ^-CH30C6H4NC {316). Triphenylstibine has 
also provided a hexacoordinate dicarbonyl complex. [RhCl(CO)2L3], and 
pyridine has furnished a chlorine-bridged dimer [RhCl(CO)2(py)2] {313). 
The complexes [RhXCOL2] (X = I, SCN) are accessible by halogen 
exchange with the chlorides {315). The square-planar rhodium(I) complexes 
[RhX(CO)L2] may be oxidized by halogens {318) or carbon tetrachloride 
{318a) to the hexacoordinate rhodium(III) compounds [RhX3(CO)L3] 
{318). This general oxidation or addition of molecules to the four-coordinate 
complexes of rhodium (and iridium) is further exemplified by the ready 
addition of activated organic halides to [RhClCO(PR3)2] species, giving 
alkyl derivatives, e.g., (RhClI(CH3)CO[P(C6H5)3]2} {318a). 

The carbon monoxide or chlorine exchange of square-planar (RhCl(CO) 
[P(C 6 H 5 ) 3 ] 2 } is too fast to measure, and the phosphine exchange is also 
exceedingly rapid ( 55 , 58). The CO exchange by an S^l mechanism of the 
hexacoordinate {RhCl3CO[P(C6H5)3]2} is much slower. In complexes of 
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this type higher metal-carbon bond order is associated with higher activation 
energies for CO dissociation, as one might expect ( 57 ). Ethylmercaptan and 
[RhCl(CO)2]2 condense to a sulfur-bridged species, [Rh(SC2H5)(CO)2]2, 
which is cleaved by triphenylphosphine to a square-planar complex, 
{Rh(SC 2 H 5 )CO[P(C 6 H 5 ) 3 ] 2 } ( 319 ). 

A further sulfur-bonded rhodium complex is the dimethyldithiocar- 
bamate derivative cis {Rh[S2CN(CH3)2](CO)2} { 169 b). 

The ability of rhodium compounds to form carbonyl derivatives directly 
from alcoholic solvents in the presence of tertiary phosphines provides a 
route to numerous complexes, as it does for compounds of iridium, 
ruthenium, and osmium. Thus, rhodium halide-phosphine complexes react 
with boiling allyl alcohol, ethanolic KOH, CH3OCH2CH2OH, or the like, 
forming the already-known [RhXCOL2] compounds with X = C 1 ; 
L = P(C6H5)3, P(C2H5)3, P(C2H5)2C6H5 { 271 , 272 ). In the presence of 
excess triphenylphosphine, hydrazine converts {RhClCO[P(C6H5)3]2} to 
the pentacoordinate complex {RhH(CO)[P(C6H5)3]3} { 320 ). The equiva¬ 
lence of the phosphorus atoms in the latter compound has been shown by 
NMR, and an X-ray study establishes the trigonal bipyramidal structure 
(XXXVIII) with a normal covalent Rh—H bond { 321 ). 


CO 



(XXXVIII) 

3 . Iridium 

Potassium halocarbonyl iridiates, formed (in various stoichiometries 
depending on the exact reaction conditions) by combination of potassium 
halides, iridium halides, and carbon monoxide, react with bases to give 
partially substituted products { 322 , 323 , 324 ). The reactions may involve 
reduction of Ir(III) to Ir(II), or Ir(II) to Ir(I), with concomitant oxidation 
of, e.g., I” to I2. It is apparent that depending on the exact reagents and 
reaction conditions, different oxidation states and coordination numbers and 
further reactions of the initial complex may all be expected. Typical products 
include the chlorine-bridged species [IrCl(CO)2(/>-CH3C6H4NH2)]2> which 
is in equilibrium with the monomer in solution { 322 ); {Irl2(CO)2[P(C6H 5)3] 2} 
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( 323 ); [Irl3(CO)2As(C6Hs)3], probably of the same type as an intermediate 
in the other cases ( 323 ); [Irl3(CO)(NH3)2] { 324 ); [Irl2(CO)(NH3)3] ( 324 ); 
{Irl2(CO)[P(C6H5)3]2} ( 323 ); and {IrI(CO)2[P(C6H 5)312} ( 323 ), Bromo- 
tricarbonyliridium(I) reacts with triphenylphosphine, yielding {IrBr(CO) 
[P(C6H5)3]2}. The compounds [IrX(CO)2(amine)] react with phosphines or 
arsines to give unstable pentacoordinate species [IrX(CO)2L2], which lose 
carbon monoxide and form compounds of the type [IrX(CO)(L2)], X = Cl, 
Br, I; L = P(C6H5)3, As(/>-CH3C6H4)3, Sh{p-ClCeli^), ( 322 ), 

Carbonylnitrosyl iridium complexes are represented by {Ir(CO)(NO) 
[P(C6H5)3]2} made by the action of nitric oxide on {IrHCO[P(C6H5)3]3} 
( 324 a). 

The formation of carbonyl complexes from iridium halide-phosphine 
mixtures in reactive solvents, such as 2 -methoxyethanol, follows the lines of 
that from rhodium halides. For example, IrCl3 or (NH4)2[IrCl6], triphenyl¬ 
phosphine, and alcohols interact at 190 ° C or above, giving {IrClCO 
[P(C6H5)312}; IrCl3, triphenylarsine, and ethylene glycol at 170 ° C produce 
{IrHCl2CO[As(C6H5)3l2} ( 325 ). The phosphine analog of the latter com¬ 
pound, {IrHCl2CO[P(C6H5)3l2} arises from addition of hydrochloric acid 
to {IrClCO[P(C6H5)3l2} ( 325 ). As in the case of the rhodium analog, 
{IrClCO[P(C6H5)3l2} is reduced by hydrazine to a trigonal bipyramidal 
complex, {IrH(CO)[P(C6H5)3l3} ( 320 ). The latter complex and its rhodium 
analog are, in a sense, comparable to the pentacoordinate [CoH(CO)4l ( 320 ). 
Simple molecules readily add to the four-coordinate iridium complex 
{IrCl(CO)[P(C6H5)312}, furnishing hexacoordinate complexes, e.g., {IrH2Cl 
(CO)[P(C6H5)3l2}, {IrD2Cl(CO)[P(CaH5)3l2}, {IrHCl2(CO)[P(C6H5)3l2} 
(J 26 ), and alkyl compounds of the type [IrClX(R)CO(PR3)2l ( 318 a). The 
treatment of {IrHCl2(CO)[P(C6H5)3l2} with CI2 or excess HCl in 1 , 2 - 
dimethoxyethane gives {IrCl3(CO)[P(C6H5)3l2} ( 326 ). A finding of 
potentially great significance is that {IrCl(CO)[P(C6H5)3l2} is a reversible 
oxygen absorber ( 327 ). An X-ray crystallographic study shows the structure 
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of the oxygenated compound, {IrCl( 02 )(C 0 )[P(C 6 H 5 ) 3 ] 2 } to be (XXXIX) 
( 328 ), The oxygen-oxygen distance in this molecule is longer than that in 
O2, but less than that in [02]^” ( 328 ), 

The complex {IrHCl2(CO)[P(C6H5)3]2} condenses with mercuric 
chloride, eliminating HCl and forming a novel compound with a mercury- 
iridium bond {IrCl2(HgCl)(CO)[P(C6H5)3]2}. Direct addition of HgCl2 or 
Hg2Cl2 to {IrCl(CO)[P(C6H5)3]2} also gives this material. The mercuric 
bromide, iodide, and acetate analogs {IrCl2(HgX)(CO)[P(C6H5)3]2} have 
been similarly obtained. Thus, HgX2 joins CI2, HCl, H2, and O2 as an 
oxidizing agent for these four-coordinate complexes of Ir(I). Similar 
mercuration has not been observed for the corresponding rhodium com¬ 
pounds ( 329 ). 

A detailed description has appeared of the reaction between a tertiary 
phosphine, arsine, or stibine, carbon monoxide, and chloroiridic acid 
(reduced in situ to chloroiridious acid) in 1 , 2 -dimethoxyethane ( 330 ). The 
products of composition [IrCl3(CO)L2] are found in three configurations 
(XL), (XLI), and (XLII), depending upon the particular conditions. 
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Products of the less-stable configuration (XLI) are found after short 
reaction times and may be converted to those of configuration (XL) on 
further treatment. In some cases, products of configuration (XLI) are 
transformed in time into those of configuration (XLII). Substances have 
been isolated in configuration (XL) for L = P(C2H5)3, P(C4H9)3, P(C2H5)2 
CeHs, As(C 2H5)2C6H5, and Sb(C3H7)3; in configuration (XLI) for 
L = P(C 2 H 5 ) 3 , P(C 4 H 9 ) 3 , P(C 2 H 5 ) 2 C 5 H 5 , As(C 2 H 5 ) 2 C 6 H 5 , and As(C 2 H 5)3 ; 
and in configuration (XLII) for L = P(C2Hs)3 and P(C4H9)3 ( 330 ). A 
bromide complex [IrBr3COL2] of type (XL) has been formed by reaction 
between LiBr and {IrCl3(CO)[P(C2Hs)2C6H5]2} in boiling 1 , 2 -dimethoxy¬ 
ethane. 

The reaction of CO under pressure with {IrCl3[P(C6H5)3]2} or {IrCl3 
[As(C2H5)2C6H5]3} yields the products of configuration (XLI). The 
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reaction of CO under pressure with {IrCl3[P(C2H5)2C6H5]3} in the presence 
of ethanol affords, depending on conditions, two isomers (XLIII) and 
(XLIV) of the composition [IrHCl2(CO)L2] ( 330 )^ which we have met 

Cl H 




before { 326 ), The isomer of form (XLIII) may be obtained by the action of 
boiling alcoholic KOH on {IrCl3(CO)[P(C2H5)2C6H5]2} of configuration 
(XLI) but not (XL). Apparently a chloride trans to Cl or CO is not readily 
cleaved from Ir, whereas the chloride trans to L (in XLI) is ( 330 ), 

G. Nickel, Palladium, and Platinum 

1 . Nickel 

Bases coordinating through nitrogen atoms normally stimulate dis¬ 
proportionation of nickel carbonyl to carbonyl-free cations and polynuclear 
carbonylnickelates (J). In the cases of pyridine, morpholine, a-picoline, and 
piperidine, this reaction has been demonstrated to proceed via a neutral 
complex [Ni(CO)3L] ( 331 ). When the base is o-phenanthroline ( 331 , 332 ) or 
dipyridyl ( 333 ) the primary product, e.g., [Ni(CO)2(o-phen)] ( 331 , 332 ), 
does not disproportionate and may be isolated. Very careful work has shown 
that the reaction of Ni(CO)4 and liquid ammonia gives as intermediates 
nonionic compounds [Ni(CO)3NH3] and [Ni(CO)2(NH3)2], both of which 
disproportionate above — 60 °C ( 334 ). 

Nickel carbonyl reacts very readily with phosphines and similar donors. 
Table VI summarizes the variety of complexes prepared by the direct 
reaction; some of them have been identified only by infrared spectroscopy. 

If {Ni(CO)2[P(CH2CH2CN)3]2} is allowed to react further with nickel 
carbonyl, one finds an unusual but ill-characterized product, [Ni(CO) 
P(CH2CH2CN)3], which is believed to have no terminal carbonyl groups 
( 342 ). A number of mixed phosphine complexes, [Ni(CO)2(PR3)(PR3')], 
have been prepared ( 40 ), The hydride complex [Ni2H2(00)5] and triphenyl- 
phosphine combine in the presence of ammonia, forming {Ni(CO)2 
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TABLE VI 

Simple Derivatives of Nickel Carbonyl 


Ligand 

[Ni(CO)3L] 

[Ni(CO)2L2] 

[Ni(CO)L3] 

P(C6H5)3 

30 , 40 , 214 

30 , 40 , 214 , 335 


P(CH3)3 

30 

30 

30 

P(C8Hi7)3 

— 

72 

— 

P(C2H5)3 

30 

30 

— 

P(C2H8)aC6H5 

— 

72 

— 

P(C4H0)3 

40 

40 , 214 

— 

P(C2H5)(CflHB)2 

— 

72 

— 

P{CH2CH2CN)3 

— 

40 

— 

P(OCflHB)3 

30 

30 , 40 , 245 

30 , 336 

P(0CH3)3 

30 

30 , 245 

30 

P{/>-C1C6H40)3 

336 

336 

336 

P{/>.FCflH40)3 

— 

336 

336 

P(/>-CH30C6H40)3 

— 

— 

336 

P{/>-N02C6H40)3 

— 

336 

336 

P(0C2H5)3 

30 , 40 

30 , 40 

30 , 40 , 336 

P(0C4H9)3 

30 

30 

30 

PHzCCeHfi) 

— 

120 

— 

PCI 3 

30 , 40 

30 , 40 

30 

PF 3 

30 

30 

30 , 337 

P{CF3)3 

41 , 338 

41 , 338 , 339 

— 

PF2{NR2) 

— 

119 

— 

(R = CH 3 , C 2 H 5 , piperidyl) 
PF2(0C3H7) 

_ 

118 

_ 

P[N(CH3)2]3 


71 

— 

As(CflH8)3 

127 

127 

— 

As{C2H5)3 

127 

127 

— 

As{OC2H6)3 

127 

127 

— 

As{OCH3)3 

127 

127 

— 

As{C5HioN)3 

127 

— 

— 

Sb{C6H5)3 

214 

46 

— 

SbCl3 

340 

— 

— 

Sb{C2H8)3 

— 

46 

— 

SbCl{C2HB)2 


46 

— 

Bi(C2H5)3 

46 

— 

— 

P{C=CC6H5)3 

41 

41 

— 

CH 3 NC 

47 

47 

47, 341 

C 2 H 5 NC 

47 

47 

47 

C 4 H 9 NC 

47 

47 

47 

CeHsNC 

48 

48 

48 

P{0CH2)3CCH3 

117a 

117a 

117a 




Lewis Base-Metal Carbonyl Complexes 


249 


[P(C6H5)3]2} (343). Another route to phosphine-nickel carbonyl complexes 
is exemplified by the high-pressure carbonylations of {NiBr2[P(C6H5)3]2} to 
[Ni(CO) 3 P(C 6 H 5 ) 3 ] (344)', and of {Ni(N03)2[P(C6H5)3]2} to {Ni(CO)2 
[P(C,H 5 ) 3 ] 2 } (258), When {Ni(CO) 2 [P(C 6 H 5 ) 3 ] 2 } or [Ni(CO) 3 P(C 6 H 5 ) 3 ] is 
treated with nitric oxide the carbonyl groups are all displaced (345), 

Chelating ligands giving the complexes [Ni(CO)2L2] include diarsine 
(333,346), and the diphosphines o-C6H4(PR2)2 with R = CH3, C2H5, C6H5 
and R2PC2H4PR2withR = C2H5, C 6 H 5 (42,43)znd CF^(347), The chelat¬ 
ing diphosphines with phenyl groups on the phosphorus atoms will react 
further with the disubstituted compounds, affording the [NiL4] species ( 43 ). 
The action of excess PF3 upon [Ni(CO)2(CF3)2PC2H4P(CF3)2] produces 
[NiCO(PF3)3], [Ni(CO)2(PF3)2], and [NiCO(PF3)(CF3)2PC2H4P(CF3)2] 
(347), The ligand (CF3)2PP(CF3)2 reacts with nickel carbonyl to give the 
binuclear complex [(CO)3NiP2(CF3)4Ni(CO)3]; the analogs bridged by 
P 2 (C 6 H 5)4 (126, 221), and P 2 (CH 3)4 (126) are similarly prepared. Upon 
prolonged heating [(CO)3NiP2(C6H5)4Ni(CO)3] is converted to a dia¬ 
magnetic material with two PR2 bridges and a metal-metal bond, [NiP 
(C6H5)2(C0)2]2 (126), Binuclear complexes prepared from potentially 
chelating diphosphines include [(CO)3NiP(C2H5)2C2H4P(C2H5)2Ni(CO)3] 
and {(CO)2Ni[P(C2H5)2C2H4P(C2H5)2]2Ni(CO)2} (72), On treatment with 
nickel carbonyl, the cyclotetraphosphine (CF3P)4 gives a mixture of 
materials including normal derivatives of the individual phosphorus atoms, 
{(CF3P)4[Ni(CO)3]„} (« = 1,2, 3 ) and polymers apparently having backbone 
units 






P— Ni(CO)2 




with [Ni(CO) 3 ] end groups and [Ni(CO) 2 ] cross links (339), 

Unusual species have been obtained from the reaction between dialkyl 
cyanamides and [Ni(CO)4], which form [Ni(CO)R2NCN]2 complexes, 
(R = CH3, C2H5) for which a pseudo-7r-allylic structure (XLV) has been 


Rx /R 
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proposed { 348 ), The flash photolysis of oxygen-nickel carbonyl mixtures 
has given an ill-characterized substance NiO(CO) { 226 ), 

Many of these nickel carbonyl-base compounds have been prepared 
primarily for use in infrared studies, some of the conclusions of which are 
summarized briefly in Section II, C (JO, 41 , 46 , 47 , 4 <S, 50 , 51 , 127 , 349 ), The 
phosphine-nickel complexes have catalytic activity in the polymerization of 
acetylenes, and the mechanisms of these polymerizations have been studied 
(J 50 , 351 ). Interest in these catalysts has led to an investigation of their 
phosphorus -31 NMR spectra, which may be qualitatively correlated with 
the accepted ideas on metal-ligand bonding ( 72 ). 

A pioneer study in the mechanisms of metal carbonyl reactions has dealt 
with the exchange between complexes of the type [Ni(CO)3PR3] or 
[Ni(CO)2(PR3)2] and other phosphines ( 40 ). This class of reactions proceeds 
by an S mechanism, the rate depending on the strength of the Ni—CO or 
Ni—P bond, which dissociates to give the tricoordinated intermediate, and 
hence on the nature of the phosphine originally bonded to the nickel atom. 
The a-bonding ability of the phosphines seems most important in deter¬ 
mining the strength of the Ni—P bond (and the rate of reaction of the 
[Ni(CO)2(PR3)2] species) and the 7 r-bonding ability of the phosphines in 
determining the strength of the Ni—CO bond (and the rate of reaction of 
[Ni(CO)3PR3] species). The nature of the added phosphine has no effect. 
The dissociation of CO and of PR3 from the Ni atom are both reversible 
reactions ( 40 ). 

Papers have considered the carbon monoxide exchange of metal carbonyls 
themselves ( 54 ) and of metal carbonyl halides ( 55 ) as well as of base- 
substituted complexes. In the series [Ni(CO)4], [Ni(CO)3P(C6H5)3], 
{Ni(CO)2[P(C6H5)3]2}, the rate of CO exchange (S^l) decreases in the 
ratio 420 : 70:1 ( 54 ). This order clearly shows the strengthening effect of 
phosphine substitution on the remaining metal-carbon bond. The rate of 
the SnI reaction between P(C6H5)3 and [Ni(CO)4] is the same as the rate of 
CO exchange of [Ni(CO)4] ( 65 ). 

2 . Palladium and Platinum 

Although the simple carbonyls of palladium and platinum, e.g., [Pd(CO)4], 
are not known, the carbonyl halides and some base-substituted compounds 
have been obtained. The reaction of carbon monoxide with the complexes 
[PdCl2(o-phen)2] or [PdCl2(dipy)2] in water yields very insoluble products 
apparently having bridging carbonyl groups (J 52 ). While carbonylation of 
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the alkyl or aryl complexes ^ranj-{MXR[P(C2H5)3]2}, with M = Pd, Pt; 
X = Cl, Br, I; R = alkyl, aryl, gives only the acyl compounds trans- 
{MX(0CR)[P(C2H5)3]2} { 353 \ the complexes [Pt2Cl4(PR3)2], with R = 
C2H5, C3H7, C4H9 absorb carbon monoxide at room temperature and one 
atmosphere, forming stable products of the type OT-[PtCl2(CO)PR3]. The 
compound [Ptl2(CO)P(C2H5)3] has been similarly prepared, and the reac¬ 
tion between m-[PtCl2(CO)P(C2H5)3] and lithium bromide gives m- 
[PtBr2(CO)P(C5H5)3]. The carbonyl complexes are more stable than the 
corresponding olefin complexes { 354 ), Carbon monoxide is taken up by the 
zero-valent compounds [Pt(PR3)4], giving [Pt(CO)2(PR3)2]> R = C^Hs, 
p-ClCf^H^ and coordinatively unsaturated {PtCO[P(/)-ClC6H4)3]2} ( 355 ). 
Additional base reacts with the dicarbonyl complex, forming, e.g., {PtCO 
[P(C6H5)3]3} { 355 ). Treatment of the platinum carbonyl halides, especially 
[PtCl2CO]2, with bases has given a number of mixed complexes, e.g., 
[PtCl2CO(NH3)2], [PtCl2COpy] { 356 ), [PtX2COL], X = C 1 , Br, I; 
L = AsCH 3(C6H5)2, />-CH3C6H4NH2, py { 357 , 358 ), and ionic [PtXCO 
(dipy)]+X-, X = Cl, Br, I { 357 , 358 ), 

H. Metal Carbonyl Complexes with Bonds from Group III, IV, or lb 
Elements 

Not strictly covered by the title of this article, but cursorily mentioned 
for the sake of completeness are some other nonhydrocarbon derivatives of 
metal carbonyls. Organotin, -silicon, and -lead moieties readily bond to 
metal carbonyl fragments, forming such compounds as [Fe(SnR2)(CO)4]2 
{ 359 ), [Fe(PbR 2 )(CO) 4 ] 2 , [Fe(PbR 3 ) 2 (CO) 4 ] { 360 - 364 ), [Fe(SnR 3 ) 2 (CO) 4 ], 
[Co(PbR 3 )(CO) 4 ] { 364 ), {SnR 2 [Co(CO) 4 ] 2 }, {SnR 2 [Co(CO) 3 PR 3 ] 2 } { 365 ), 
[Mn(SnR3)(CO)5], {SnR2[Mn(CO)5]2}, [Mn(SiR3)(CO)5], [Mn(PbR3) 
(COjs], [Mn(SnR 3 )(CO) 4 PR 3 ], [Mn(SnCl 3 )(CO) 4 PR 3 ] { 366 ), {GeH2[Mn 
(CO)5]2} { 367 ), [FeCp(SnR3)(CO)2] { 366 ), {SnCl2[FeCp(CO)2]2}, [WCp 
(SnCl3)(CO)3] { 368 ), and [Co3(SiCH=CH2)(CO)9] { 369 ), The iron 
carbonyl carbide [Fe5C(CO)i5] deserves listing { 370 ), 

The first borane-metal carbonyl derivatives contain the rather unstable 
anions [Re(CO)5(BH3)]-, [Re(C05)(BH3)2]', and [Mn(C05)BH3]-, and a 
somewhat more stable species is [Mn(CO)4(BH3)P(C5115)3]. The increased 
stability of the phosphine-substituted borane complex suggests a role for 
the phosphine primarily as a a donor, as also indicated by the NMR spectrum 
of [Mn(CO)4P(C6H5)3] { 371 ), An interesting series of metal derivatives of 
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metal carbonyls includes [Mn(Cu-triarsine)(CO)5] and [Mn(Au-triarsine) 
(CO);], with triarsine = CH3C[CH2 As(CH3)2]3 (>? 72 ); {Mn[AuP(CftH5)3] 
(CO);}, {ar-Fe[AuP(C6H;)3]2(CO)4}, and {Co[AuP(C6H;)3](CO)4} ( 373 ); 
the requirements for forming metal-metal bonds have been discussed in 
detail ( 373 ). 
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I 

INTRODUCTION AND SCOPE 

Organic derivatives of boron hydrides have been known for some three 
decades, but only during the last few years has this area of study received 
widespread attention. Rapidly expanding interest in these compounds can be 
traced back to financial stimulation provided by various governmental 
agencies in the early 1950 ’s. Chemists from many areas of endeavor were 
required to solve problems posed by the large-scale industrial preparation of 
high-energy propellants. Proposed as attractive high-energy fuels were 
alkylated boron hydrides which, hopefully, were expected to perform 
substantially better than the hydrocarbons in use ( 1 - 7 ). It soon became 
obvious that the demands of this endeavor would involve a more exact 
examination of the underlying fundamentals. It was perhaps coincidental 
that the eventual fate of this research program followed a rather predictable 
course ( 8 ). While the borane fuels program did terminate, one of the more 
satisfying by-products was the discovery of an exciting new class of com¬ 
pound, carboranes, which show remarkable stability characteristics. 
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Because of the security shroud placed over these studies it is not yet clear 
exactly when and where the first work on the carboranes was performed and 
to whom the credit belongs. However, several sources ( 9 ) provide a degree of 
historical insight into this problem. Hopefully, a more clear ^count, if not 
a more lively one, will be forthcoming. It is interesting to note that as early 
as 1923 Stock and Kuss { 10 ) were conducting experiments with carborane 
precursors, alkynes, and boron hydrides; however, they were not able to 
isolate and characterize the products. 

The term carborane generally designates a carbon-boron-hydrogen 
system in which both the carbon and boron atoms are incorporated into a 
skeletal network. In comparison, the carbon atoms of compounds designated 
as organoboron hydrides are generally of a ligand nature. The use of the pre¬ 
fix “clovo” has been suggested for the closed polyhedral carboranes (e.g., 
Fig. 1 ) which, in addition, are named as derivatives of boron hydrides (//). 




Fig. 1. Ball and stick models of l,6-dicarbaclovohexaborane(6), (I), and 1,2-dicarba- 
clovododecaborane (12), (II), The latter compound is often abbreviated: 



As in the past, the numerical suffix in parentheses indicates the number of 
hydrogen atoms in the parent compound (/ 2 , 13 ), 

As is somewhat evident from the title, the general scope of this review is 
confined mainly to the chemistry of molecules containing H—B„—C 
groupings. Although several successful attempts to correlate the reactions 
and structures of the boron hydrides have been made ( 14 - 17 )^ it is still 
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evident that much of the chemistry of each boron hydride is peculiar to 
itself. Therefore, the contents of this review are organized accordingly. 
There is no separate section devoted to the analytical problems that are 
sometimes encountered with C, B, H systems. However, analytical methods 
described elsewhere { 18 - 21 ) provide for nearly all situations encountered. 

In fairness to authors of work in which security restrictions have been 
lifted only recently, a rather unusual number of patents are cited. Until this 
work reaches the journal literature, it is not necessary to elaborate on the 
need to view some of the claims with a proportionate degree of reserve. 

It is assumed that the reader has had some acquaintance with boron 
hydride chemistry and is somewhat familiar with the structures and bonding 
characteristics found in the well-known boron hydrides, e.g., diborane, 
tetraborane(lO), pentaborane( 9 ), pentaborane(l 1 ), and decaborane( 14 ). 
For a recent review of the subject, a volume by Lipscomb ( 17 ) is highly 
recommended. In addition, surveys of related topics, as well as earlier reviews 
on the present subjects, are advised for completeness ( 7 , 75 , 16 , 22 - 49 ). 

In this chapter ball and stick models are used from time to time to depict 
the skeletal structures of polyhedral boron hydrides. No attempt is made to 
portray these structures in terms of two- and three-center bonds since the 
author wishes to avoid the problems associated with the valence bond 
structural ellipsis ( 50 , 51 ) implied even by a sophisticated representation (7 7 ). 


II 

ORGANO-SUBSTITUTED BORON HYDRIDES 

A. Diborane and Borane Derivatives 

The readily established equilibrium, 


H 

H 


/ \h/ \ 


H 

H 


2BH3 


( 1 ) 


provides a compelling reason for including a discussion of both diborane and 
borane derivatives under the same general section of this review. Although 
the equilibrium normally lies far to the left for diborane and many of the 
organosubstituted diboranes, the presence of a sufficiently strong Lewis base 
leads to the formation of a monoboron adduct. 
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1. Preparation of Alkyl and Aryldiboranes 
a. Exchange between Diborane and Trialkyl and Triarylboranes, Four of the 
five possible methyl- and ethyldiboranes can be prepared by the room tem¬ 
perature equilibration of diborane with the corresponding trialkylborane 
(52, 53). 

B 2 H 6 + BR 3 RB 2 H 5 , 1,1-R2B2H4, R 3 B 2 H 3 , and R 4 B 2 H 2 (2) 

Approximate equilibrium constants have been determined for the trimethyl- 
borane exchange from equilibration experiments (52) and from thermo¬ 


dynamic data (54). 

2CH3B2H6 = 1,1-(CH3)2B2H4+B2H6 (3) 

3[1,1-(CH3)2B2H4] = 2(CH3)3B2H3 + B2H6 (4) 

4(CH3)3B2H3 = 3(CH3)4B2H2 + B2H6 (5) 

6CH3B2H5 = 2(CH3)3B + 5B2H6 ( 6 ) 


Eq. no. 

f^expt 

Kchlc 

(3) 

2.8 

3.1 

(4) 

2.7x10-4 

5.2x10-4 

(5) 

6.7x10-3 

3.5x10-3 

(6) 

— 

- 10-12 


The alkylation follows pseudo-second-order kinetics {kf= 0.40 ±0.02 liter 
min~^ mole“^) after an induction period which is suppressed with an excess 
of diborane (55-57). From exchange studies carried out in ether solution 
(58-60) alkyl groups with large steric requirements were found to reduce 
the proportion of tetraalkyldiborane relative to the less alkylated products 

m. 

1,2-Dialkyldiborane, not detectably present in the above exchange, is 
obtained by the reversible disproportionation of the monoalkylated diborane 
(67, 62). 

2RB2H3 ^ B2H6+(RBH2)2 


R 

KxW 

References 

CH 3 

7.01 

56 

C 2 H 5 

3.9 (g) 

62 


16.9 (liq) 

— 


(7) 
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A related exchange involving a cyclic tetrasubstituted diborane (III) has 
been used to synthesize the corresponding asymmetrical derivative (IV) (63), 






+ B2H6 


120“ C 




(III) 


(IV) 


( 8 ) 


Historically, the discovery that not more than four of the six hydrogen 
atoms are replaced by alkyl groups provided chemical evidence in favor of 
the bridge model of diborane (57, 24). Thus far, no compound has been 
described in the literature in which an alkyl group bridges two boron atoms, 
as is observed in some related aluminum compounds, e.g., Al 2 (CH 3 ) 6 . 
However, a related bridging species may well be present as a high-energy 
intermediate during alkyl-boron exchange reactions (64). 

When a mixture of triphenylborane and diborane is heated to about 
80® C in both the presence (65) and absence (66) of ether, 1,2-diphenyl- 
diborane is the only phenyl-substituted diborane obtained. This is in 
striking contrast to the above alkyl exchange in which all diborane derivatives 
except the 1,2-dialkyldiborane are found. 

b. Reductions Involving the Use of Complex Metal Hydrides. A mixture of 
a trialkylborane and hydrogen halide reacts at elevated temperatures under 
pressure with an inorganic complex hydride such as NaBH 4 , LiBH 4 , or 
LiAlH 4 to give a mixture of alkylated diboranes (67). 

(6 - n)NaBH 4 + (6 - n)HCl + (n + 2)BR3 4B2H6-n Rn + (6 - n)NaCl + (6 - «)RH (9) 
(6-n)LiBH4 + ( 6 -n)HCl + nBR3 ^ 3B2H6-„Rn + ( 6 -n)LiCl + (6-M)H2 ( 10 ) 

Alternatively, boron trichloride may be used in place of the hydrogen halide, 
or, the hydride may be treated with an alkylboron halide, R 2 BX or RBX 2 
(67, 68), or corresponding aluminum derivatives, AIR 3 , R 2 AIX, RAIX 2 (69). 
As implied above [Eqs. (9) and (10)] the extent of diborane alkylation is 
controlled by the ratio of reactants. It is interesting to note that not only does 
the reaction proceed more readily with LiBH 4 than with NaBH 4 but it also 
follows a slightly different course. The former hydride releases no hydro¬ 
carbon, hydrogen being the only gas formed, whereas the reverse is 
observed with NaBH 4 (67). 

Other reported reductions of alkyl or arylboron halides with ether solu¬ 
tions of complex metal hydrides imply a convenient general route to the 
1 , 2 -di- or tetrasubstituted diboranes. 



2C6H5BCl2 + 4LiBH4 (C 6 H 5 BH 2)2 + 2B2H6 + 4LiCl Ref. (66) (11) 



N>BH4 

CHjCHjCHClCHaBClj -► (n-C4H,)2B2H4 Ref. (72) (14) 
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When the reduction of phenylboron dichloride is carried out with lithium 
aluminum hydride at the reflux temperature of dioxane (100° C) only the 
disproportionated products, triphenylborane and diborane, are found (73). 
In contrast, a similar reduction of diethylphenylboronate in diethyl ether 
at room temperature gives the phenylborane (dimer) which is isolated as 
the pyridine adduct (74). Also, l-butoxy-3-methylboracyclopentane (VI) 
is reduced without difficulty by lithium aluminum hydride in ether 
solution to the corresponding tetrasubstituted diborane (VII) (75). 



(VI) (VII) 


A reduction of trimethylboroxine with sodium borohydride reportedly 
gives methyldiboranes. However, no yield is recorded (76). 

A few reductions involving metals have led to useful routes for preparing 
alkylated diboranes. 



Heat, pressure 

6BX., + 6H2 + 6RX + 8A1 -*■ 3 1,1-R2B2H4 + 8A1X,, Ref. (77) (17) 

Heat, pressure 

6BX, + 3H2 + 12RX + tO.Al -2R4B2H2 + lOAlX, (18) 


Perhaps one of the more promising one-step preparations deserving 
further study is the room temperature reduction of olefinic halides with 
NaBH 4 in diglyme (78, 79). The dialkylated diborane product from this 
reaction has been identified as the 1,1-isomer (80). This suggests rapid 

CH 2 =CHBr+ NaBH4 4 (C 2 H 5 ) 2 B 2 H 4 + NaBr (19) 

CH 2 =CH—CH2Br+NaBH4 i(CH3CH2CH2)2B2H4 +NaBr (20) 

formation of trialkylboranes followed by an alkyl exchange as discussed in 
the previous section. 
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c. Reduction of Organoboron Esters and Halides with Diborane, The inter¬ 
action of diborane and esters of dialkylborinic acids at room temperature 
yields predominately tetraalkyldiboranes, 1,1-dialkyldiboranes, and esters 
of alkylboronic acids {81 y 82), If the reaction mixture is allowed to stand for 
one week, the unsymmetrical dialkyldiborane isomerizes into the sym¬ 
metrical 1,2-derivative {82), Similar attempts to reduce diphenylboron 
chloride (65) and esters of diarylboronic or arylboronic acid (65, 55, 84) with 
diborane all result in formation of the 1,2-diaryIdiborane. 

3(C6H6)2B0R + 2B2H6 = 3(C6H6BH2)2 + B(0R)3 (21) 

The absence of diphenylborane (as either dimer or 1,1-diphenyldiborane) in 
the product mixture is attributed to a disproportionation, which must be 
more rapid than with the corresponding alkyl compounds, to give the 1,2- 
diaryldiborane and triphenylborane. Undoubtedly, the latter compound 
reacts further with diborane under these conditions to form more of the 
observed product (Section II, A, 1, a). 

d. Hydroboration, Hydroboration of the great majority of olefins with 
diborane at elevated temperatures (55) or at ambient temperatures in the 
presence of ethers (56, 57, 28) is usually allowed to proceed to the corres¬ 
ponding trialkylborane. However, it was quickly recognized that alkyl- 
diboranes are obvious intermediates in this reaction (55). In fact, equilibrium 
concentrations of the various alkylated diboranes are found when low ratios 
of olefin/diborane are used (55,59). Further, when sterically hindered olefins 
are used, the reaction is conveniently stopped at the di- or tetraalkyldiborane 
stage. As a general rule, trisubstituted olefins, such as 2-methyl-2-butene 
and 2,4,4-trimethyl-2-pentene, usually proceed to the tetraalkyldiborane. 


4 


CHjv 

CH3/ 


C 


/CH3 

\h 




Diglyme 


2 


CHj 

CH 3 




c-c 


/CH 3 

^CH3 


+B2H6 


Diglyme 
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whereas, tetrasubstituted olefins, such as 2,3-dimethyl-2-butene, proceed 
only to the 1,2-dialkyldiborane stage (S7, 89-96). This rule is, of course, 
subject to modification when extraordinarily large groups are attached to 
the double bond. For instance, tran$-di~tert-huty\eth.y\tne stops at the 
dialkyIdiborane stage (97). 

A vapor-phase reaction between butadiene and diborane at 100° C with 
hydrogen as a diluent produces, in addition to polymeric materials, an 
appreciable yield of the cyclic 1,2-tetramethylenediborane (VIII) and a 
smaller amount of l,2-(l'-methyltrimethylene)diborane (IX) (98). 


/CH2— 

CHz CH2 

(VIII) 


CH CHz 

l/H-v I 


(IX) 


A similar cyclic structure (X) has been suggested (2S, 94, 99) for the 2:1 
butadiene-diborane product which was originally proposed to be bis(bora- 
cyclopentane) (XI) (100). 



(X) (XI) 


However, recent studies (63) support the earlier assignment (XI). 

Only a minimum of mechanistic attention has been paid to the catalytic 
effect that ethers have on the hydroboration reaction. After determining 
that the hydroboration of olefins with l,2-bis(3-methyl-2-butyl)diborane is 
first order in olefin and also first order in the substituted diborane, it was 
suggested that the role of the solvent is to coordinate with the dialkylborane 
monomer, the “leaving group’* in this particular reaction (101). However, 
the room temperature hydroboration of ethylene with borine carbonyl (102) 
intimates, by analogy, that a rather loosely held adduct may account for 
acceleration of B—H addition to unsaturated systems in ether solvents. 
The use of a molybdena-aluminum catalyst has been moderately effective in 
converting an ethylene-diborane mixture to a mixture of ethyldiboranes at 
room temperature (103). 
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There is indirect evidence that H 2 BCH 2 CH 2 BH 2 is formed from acety¬ 
lene and excess diborane in the presence of 1,2-dimethoxyethane {103a), 
e, Dehydroboration. The reversibility of the hydroboration reaction was 
first realized when dibutyldiborane and olefin were obtained from tri-n- 
butylborane at elevated temperatures (104). 


Other dehydroboration reactions have since been observed (705-707), and 
have occasionally even been used to synthesize alkylated diboranes (56, 705, 
709). As with hydroboration, dehydroboration is catalyzed by ethers (92, 
770). Thus, in diglyme solution a marked enhancement of organoborane 
isomerization is observed (770, 777)^; and tetraisopinocamphenyldiborane 
appears to be in equilibrium with substantial amounts of triisopinocam- 
phenyldiborane and a-pinene (92, 95). 

A dehydroboration-hydroboration sequence is probably operating when 
thermal action converts seven- or eight-membered rings of bis(boracyclo- 
alkanes) into the more stable six-membered ring (700, 772). 

f. Other Methods of Preparation, Included in this section are reactions 
that are not conveniently covered in the preceding sections and have not 
been widely used in the synthesis of alkyl or aryldiboranes. 

Alkylated diboranes are produced by exchange of diborane with a few 
metal alkyls, e.g., ethyllithium (775) and trimethylgallium (774). Similarly, 
alkyl exchange has been observed between aluminum borohydride and both 
tin and lead tetramethyl with formation of, among other products, methyl¬ 
ated diboranes (775). 

A reported preparation of phenylborane (dimer) from a reduction of 
C6H5BI2-2HI with hydrogen in ethanol (776) is undoubtedly in error (66, 
75). Perhaps the first unquestionable evidence for the existence of this 
compound comes from the reaction of diborane with benzene at elevated 
temperatures (55). 

Hydrogenation of a trialkylboron, used occasionally to prepare tetra- 
alkyldiboranes (777-779), probably occurs through direct addition to the 

^ The isomerization may not necessarily (111a) involve an elimination-addition mechan¬ 
ism (111b), 
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carbon-boron bond (120y 121) rather than a dehydroboration followed by 
hydrogenation of the resulting olefin. 



Dialkylaluminum hydrides reportedly enter into an exchange reaction 
with borate esters {122) or trialkylboroxines {123) to give about 40% yields 
of tetraalkyldiboranes. 

A mixture of n-propyldiboranes is obtained along with tri-n-propyl- 
borane from the reaction of diborane with cyclopropane at about 95° C. 
Apparently the “banana” bonds of cyclopropane can provide sufficient 
electron density to form the expected pi-complex intermediate {124)» 

2. Reactions of Alkyl and Aryldiboranes 

a. Hydrolysis, Alcoholysis, and Related Reactions, As with diborane, the 
bridge and terminal boron-bonded hydrogens of alkylated diboranes are 
normally quite labile at room temperature toward hydrolysis and alcoholysis 
{28, 52, 53, 58-62, 78, 79), Since the alkyl-boron bonds are not usually 
cleaved, the alkylboronic or alkylborinic acids (or esters in the case of 
alcoholysis) produced are often quite useful in determining the structure of 
the original alkylated diborane. Similarly, dialkylthioborinic esters are 


+ 4 H 2 O -► (CHj) 2 BOH + B(OH)j + 4H2 (26) 

cn/ \h 


’ /BC + 4 H 2 O -► 2CHjB(OH)2 + 4H2 (27) 

^CHj 

obtained from the interaction of tetraalkyldiboranes with thiols {125, 60), 
1,2-Diaryldiboranes react with hydroxy compounds in a manner analogous 
to the 1,2-dialkyldiboranes {66, 83, 85, 126), 

A notable exception to the rather labile character of B—H bonds of alkyl- 
diboranes toward the reagents under discussion is bis (boracyclopentane) 



274 


THOMAS ONAK 


(XI). This compound undergoes hydrolysis and alcoholysis only at 
elevated temperatures (about 100"^ C) {63, 100), 

Reactions of alkyl and aryldiboranes with ammonia and amines are given 
in Section II,A,2,f. 

b. Oxidation and Oxidative Hydrolysis, As with diborane and trialkyl- 
borons, alkyl derivatives of diborane react vigorously with air {43, 60), 
presumably with the formation of B—O and R—O bonds. In a study on the 
nonexplosive partial oxidation of 1,2-diethyldiborane the rate dependence 
was found to be zero order in oxygen and first to three-halves order in 
1,2-diethyldiborane, with an activation energy of 32.5 ±1.5 kcal/mole {127), 

40“-80°C 

(C2H5BH2)2 + 202 -> 2C2H5OBO + 2H2 (27a) 

Tetramethyldiborane, 1,1-dimethyldiborane, and diborane are all much 
more stable than trimethylborane toward oxidation with molecular oxygen 
in the low temperature region of 77°-170°K. This work would tend to 
support a primary oxidation step involving formation of a coordinate bond 
between oxygen and the empty orbital of the boron atom. Diborane and its 
methyl derivatives do not possess energetically accessible vacant orbitals; 
and further, the heat of dissociation of the BH 2 B bridging unit (Section II, 
A,3) is sufficiently high to prevent dissociation and reactions of the mono¬ 
meric borane species at the low temperatures studied {127a). 

Oxidative hydrolysis with hydrogen peroxide has been used extensively 
in sequence with the hydroboration reaction in the synthesis of alcohols 
from olefins via alkylated diboranes {28), 

HaOa 

R4B2H2-> ROH + B(0H)3 + H2 (28) 

NaOH 

c. Disproportionation and Exchange Reactions, The reversible nature of 
the alkyl exchange between trialkylboranes and diborane (Section II,A,l,a) 
is implied in several studies {52, 56, 128), This disporportionation behavior 
may partially account for the production of trialkylboranes by the thermal 
interaction of diborane with olefins {85) after the initial formation of an 
alkyldiborane by an addition step {88). Alternatively, of course, the trialkyl- 
borane may arise solely through a series of B—H additions {88), 

1,2-Diphenyldiborane appears to be moderately stable toward dispropor¬ 
tionation at room temperature {66, 74, 83), although at 100° C in dioxane a 
reaction which should have yielded this phenyl derivative resulted instead in 
the formation of triphenylborane and diborane {73), All attempts to obtain 
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diphenylborane (dimer) have failed (65, 66, SJ), leading, rather, to 1,2- 
diphenyldiborane and triphenylborane. However, diarylboranes have been 
isolated as relatively stable pyridine adducts {129). Recently, Koster and 
Benedict (71) have prepared bis(9-borafluorene) (V) which represents the 
first example of a stable tetraaryldiborane. 

Dialkyl and tetraalkyldiboranes have been shown to equilibrate with 
boric, alkylboronic, and dialkylborinic esters as illustrated in Eqs. (29-31) 
{81, 82, 130). 

3R2B2H4 + 4(R'0)3B 6RB(OR02 + 2B2H6 (29) 

2R4B2H2 + 4(R'0)3 6RB(0R')2 + R2B2H4 (30) 

R2B2H4 + 4R2BOR' 2RB(OR02 + 2R4B2H2 (31) 

A related equilibration probably operates in the reaction between tetra¬ 
alkyldiboranes and sodium methoxide {131). 

2R4B2H2 + NaOCHs = NaBH4 + 2BR3 + R2B(OCH3) (32) 

The ready ability of alkylated diboranes to enter into a number of interchange 
reactions has led to their use as catalysts in other transboronation trans¬ 
formations {64, 81,132-136). 

R4B3H2 

BR 3 + 2B(OR03-> 3RB(0R')2 (33) 

(Cat. amt.) 

Exchange reactions have been observed between alkyldiboranes and 
aminoboranes or compounds with B—N—B linkages {63). 



Studies on the disproportionation of methyl(dimethylamino)borane {137) 
would tend to support an exchange mechanism that does not involve breaking 
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of the B—N bond in the above bis(boracyclopentane) transformations. For 
the same reason B—N cleavage probably does not occur in a related exchange 
between diborane and hydrazino-l,2-bis(diethylborane) {138). 

Et2B—NHNH—BEt2 + B2H0 -> H2B—NHNH—BH2 + (Et2BH)2 ( 37 ) 

Exchange reactions of alkylated diboranes with higher boron hydrides 
are discussed in Sections II,B,1 and II,D. 

d. Hydroboration. For an extensive discussion of the role of alkylated 
diboranes in the hydroboration reaction one is advised to consult the recent 
and authoritative book by H. C. Brown {28). This section will include only 
a brief summary of pertinent chemistry as well as inclusion of new literature. 

Alkylated diboranes with large steric requirements [e.g., l,2-bis(2,3- 
dimethyl-2-butyl)diborane, tetra(3-methyl-2-butyl)diborane, and tetra- 
cyclohexyldiborane] are used extensively as selective reducing agents {28). 
Applications have included: (1) the competitive hydroboration of olefins 
and dienes (94, 95, 139-144) \ (2) additional steric control over the mode of 
addition to olefins and alkynes (94, 95, 139, 140, 144-146)] (3) use as a 
monohydroborating agent of alkynes and dienes (94, 142, 145, 147, 148)] 
(4) the selective reduction of various allyl derivatives {149-151)] (5) the 
asymmetric synthesis of alcohols from the hydroboration of olefins with 
optically active alkylated diboranes (96, 144,152-156). In addition, tetra(3- 
methyl-2-butyl)diborane has found use as a reagent for the steric control 
of the reduction of several cyclanones to alcohols {157), and for selective 
hydroborations in the presence of unprotected carboxylic groups (i5^). 

A comparison of relative hydroboration rates of olefins with tetra(3- 
methyF2-butyl)diborane indicates the following general order: alkynes > 
terminal olefins > cis internal olefins > trans internal olefins {143). Kinetic 
data establish the hydroboration of olefins with this tetraalkyldiborane to be 
second order, first order in olefin, and first order in the substituted diborane 
{101). Presumably, the rate-determining step gives, in addition to the tri- 
alkylborane product, one molecule of a dialkylborane monomer which may 
dimerize or react with a second molecule of olefin in a rapid second step. 
Since the dialkylborane dimer rather than monomer participates in the 


R 2 B 




BR2 + 




C=C 




—C=r=C— 

I i 

> ! ! 
RjB—H 

! I 

H--BR2 


R 2 BC—CH + RjBH 


(38) 
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activated complex, it is not surprising that fairly selective hydroborations 
are observed with tetraethyldiborane [133), 

A stepwise reduction of the triple bond of propargyl chloride with 
tetraethyldiborane is observed with the formation of l,l-bis(diethylboryl)- 
3-chloropropane (XII) {159), 

[(C2H5)2BH]2 + 2HC=CCH2CI ^ 2(C2H5)2BCH=CHCH2C1 (39) 

[(C2H5)2BH]2 + 2(C2H5)2BCH=CHCH2C1 ^ 2[(C2H5)2B]2CHCH2CH2CI (40) 

(XII) 

Unsymmetrical trialkylboranes are isolated by hydroboration of alkenes 
with tetraalkyldiboranes {60-60b), In contrast, phenyldialkylboranes, 
prepared from 1,2-diphenyldiborane, undergo a rapid redistribution at 
room temperature into triphenylboron and a trialkylboron {126), 1,2-Diary 1- 
diboranes add to 1,3-dienes in toluene with the formation of 1-arylboracyclo- 
pentanes (XIII), which appear to be more stable toward disproportionation 
than the open chain analogs {126), 


_CH 

(ArBH2)2 + 2CH2—CH—CH=CH2 - 2 Ar—B"^ ^ I ^ ( 41 ) 

^CH2—CH 2 

(XIII) 

Hydroboration of olefins with trimethylamine-^^^-butylboranes provides 
an alternative route to unsymmetrical trialkylboranes. An interesting 
application of this reaction is the synthesis of 1-bora-1-^^^-butyl-4,4- 
dimethyl-4-silacyclohexane (XIV) {160,161), 


(CH2--CH)2Si(CH,)2 + (CH3)3CBH:N(CH3)3 



( 42 ) 


C(CH3)3 

(XIV) 


Trimethylamine-^^^-butylborane has also been used successfully in 
reactions with terminal alkynes {161) and nitriles {162), affording tert~ 
butyldi(l-alkenyl)boranes and dimeric alkylideneamine-^^^-butylboranes 
(XV), respectively. 
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CHR 

H II H 

100" C \ ^'N 

RCN + (CH3)3CBH2 N(CH3)3 B (43) 

(CH3)3C^ 

CHR 

(XV) 

Other derivatives of (XV) have been prepared by adding tetraalkyldiboranes 
to acetonitrile (80), 

The reduction of diallyl alkylamines with triethylaminephenylborane 
results in two products, a stable solid and an air-sensitive liquid, to which 
structures (XVa) and (XVb) have been assigned, respectively {162a). When 
allylamine is added to an ether solution of a tetraalkyldiborane the pre¬ 
dominant product is the inner complex (XVc) {162b). 


1 

CtH, 


1 

R^ 

^NHj—CH2 

I 

CHj —CH2 

R 


(XVc) 

(XVa) 

(XVb) 



The formation of heterocyclic organoboranes from alkenes and alkylated 
diboranes has been recently reviewed {22b). 

e. Reactions with C^H to Give C—B Bonds. Tetraethyldiborane reacts 
with benzene at about 200° C to produce triphenylborane in 25% yield {163). 
Similar reactions have been effected intramolecularly in the syntheses of 
boron heterocycles (97, 108, 119, 164, 165), and probably occur through a 
concerted four-center transition state mechanism {36). 



f. Coordination Compounds with Lewis Bases. The behavior of methylated 
diboranes toward ammonia at low temperatures is similar to diborane in that 
white saltlike “diammoniates'' are formed {61, 166, 167). This suggests 
that the methylated derivatives are substituted bis(ammonia)boronium 



Carboranes 


279 


boro hydrides {168^ 169) which, if correct, poses an interesting substituent- 
placement question. Although the stability of the adducts decreases with 
increasing number of methyl groups, there appears to be no disproportion¬ 
ation of one into the others. Dimethylaminoborine is produced by the mild 
decomposition of the diammoniates of 1,1-dimethyl-, trimethyl-, and tetra- 
methyldiboranes whereas heating the diammoniates to 200° C in a closed 
tube aifords 5-methyl derivatives of borazine {61, 166). 

Primary and secondary amines react with 1,2-alkyl or aryldiboranes to 
give amine-borane adducts which, with appropriate thermal encourage¬ 
ment, evolve hydrogen and yield the corresponding aminoboranes. Amino- 
boranes generally exhibit a tendency to disproportionate by reversibly 
exchanging R (or Ar) for H on boron. 


i(CH 3 BH 2)2 + (CH 3 ) 2 NH CH3BH2 NH(CH3)2 Ref. aJ7) 

H, 

CH3BHN(CH3)2 ^ > 1[CH3BHN(CH3)2]2 

. liquid 

KCH3)2BN(CH3)2 + ltH2BN(CH3)2]2 


(45) 


i(e6H3BH2)2 + (C2H3)2NH 


-30“ C 


C6H5BH2HN(C2H5)2 


ca. 110 “ 


-Ha 


Refs. ( 170 , 171 ) 


l(C»H5hBN(CjH5)2 + J[H2BN(C2H5)2]2 - QHjBHN(CjH,)2 (46) 


The complexes of 1,2-diaryldiboranes with primary amines behave analo¬ 
gously when heated, the only difference being that the alkylaminoborines 
formed from the symmetrization step are further converted to iV-trialkyl- 
borazines (XVI) (84). 


ArBHj NHaR ArBHNHR 

not isolated 


.JArjBNHR+iHiBNHR 

1 -4Ha 


HHBNR )3 

(XVI) 


( 47 ) 
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On heating the complexes in the presence of excess amine, or with thiols, 
high yields of bis(alkylamino)arylborines (XVII) {84) or (alkylthio)(dialkyl- 
amino)arylborines (XVIII) {171\ respectively, are obtained. 


S0®-150®C 


ArBH 2 -NH 2 R + RNH 2 - 

-^ ArB(NHR )2 + 2H2 

(48) 


(XVII) 


ArBH 2 -NHR 2 + R'SH- 

S0®-1S0°C 

-> ArB(SR')(NR 2 ) + 2H2 

(49) 


(XVIII) 

Similar chemistry is observed with the primary amine complexes of 
dialkylboranes (60, 63), 



The reactions of 1,2-diphenyldiborane with alkyl (and aryl) diamino- 
boranes {171a) and with diamines {171b) have been investigated. 

A general method of obtaining tertiary amine or pyridine complexes of 
organo-substituted boranes has been developed {172) which avoids the 
previous necessity of preparing intermediate alkylated diboranes in a separate 
step (6i, 66). This relatively new route involves reduction of an appropriately 
substituted boronate or borinate (or boroxine) with lithium aluminum 
hydride in the presence of the desired amine (66, 74, 129y 173^ 174). 


H 


ArB(OEt)2 


LiAlH< 

pyridine 



H 


(51) 


Ar2B(OEt) 


LiAIH4 ^ 
pyridine 



Ar 


(52) 
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As with amine-boranes the B—H bonds in the amine-organo-substituted 
boranes exhibit a characteristic infrared absorption at 4.35 /x, and reduce 
silver ion, iodine, and hydrogen ion to free silver, iodide ion, and molecular 
hydrogen, respectively (74, 729, 772, 173). From earlier observations, 
methylation of trimethylamine-borane was found to increase the rate at 
which hydrogen chloride attacks the remaining B—H links to produce 
hydrogen (67). A corresponding increase of B—H activity is also observed 
in the hydrolysis of the phenyl-substituted compounds, i.e., pyridine- 
diphenylborane > pyridine-phenylborane (775). In a reaction of iodine with 
pyridine-phenylborane in the presence of excess pyridine the iodide of the 
bispyridine complex of the phenylboronium ion is produced {174a). 

The hydrolysis of pyridine-diphenylborane follows second-order kinetics, 
first-order both in water and amine-borane (7 75). An observed kinetic isotope 
effect is small and temperature-independent for substitution of deuterium 
for protium on boron, whereas, the effect is large and temperature-dependent 
for a similar isotopic substitution in water (775, 776). A mechanism con¬ 
sistent with the isotope effect involves an initial attack of water on the boron- 
hydrogen bond 

H 

(Ph)2BPy+H20 - 

- + 


(Ph) 2 BPy+OH^ -► (Ph) 2 BOH + Py (fast) (54) 

Increasing the electron density on boron by suitable substitution on the 
benzene rings promotes the rate of hydrolysis (Hammett p value, —0.76), 
indicating a slightly electron-attracting boron atom in the transition state 
(775). The above mechanism is to be contrasted with the observation that 
hydrolysis of amine-boranes probably proceeds by an initial displacement 
of BH 3 from the amine nitrogen with protons (777). 

Trimethylamine-alkylboranes react with two equivalents of alkanethiols 
at 60°-100° C, affording the corresponding dialkyl alkylthioboronate 
esters (775). 

RBH2’N(CH3)3 + 2R'SH ^ RB(SR02 + 2H2 + (CH3)3N (55) 

Displacement of trimethylamine from trimethylamine-alkylboranes and 
trimethylamine-phenylborane is observed with methylenetriphenylphos- 


.H 


O—H* 


H 




Ph^ih^Py 


(Ph)2BPy + H2 + OHlslow) 
(53) 
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phorane (XIX). The qualitative order of reactivity, R = terUhuXyX > 2-butyl 
> methyl, suggests that these reactions occur by the combination of the free 

4- CeHe 4- — 

(C0H6)3PCH2 + RBH2 • N(CH3)2 -> (C6H5)3PCH2BH2R + N(CH8)3 (56) 

80® C 

(XIX) 

borane and substrate {179), Both first- and second-order kinetic terms have 
been determined for the displacement of trimethylamine from trimethyl- 
amine-alkyl- and arylboranes with tri-w-butylphosphine {179a), In an 
ammonium chloride-catalyzed reaction between trimethylamine-alkyl- 
borane and ammonia at 100°-150°C, formation of the observed product, 
B,B,S-trialkylborazine (XX) {180^ 181), is probably preceded by a dis¬ 
placement reaction [Eq. (57)]. 


RBH2N(CH3)3 4-NH3 -RBH2NH34-(CH3)3N 


(57) 


RBH2NH, 


H 


R> 




B' B 
6H2+ J (j 


N 


N 




R 

(XX) 


(58) 


In a similar fashion o-phenylenediamine reacts with trimethylamine-alkyl- 
boranes with eventual loss of trimethylamine and hydrogen, and the forma¬ 
tion of 2-alkylborabenzimidazolines (XXI) {173), 



4-RBH2N(CH3)3 


CaH« 
80“ C 



+ (CH3)3N + 2H2 (59) 


(XXI) 


The action of tetraalkyldiboranes on hydrazine at 100°-150°C affords 
S-substituted hydrazinoboranes in good yield {182), 

(R 2 BH )2 + N 2 H 4 R 2 BNHNHBR 2 + H 2 (60) 

Dimethylphosphine-dimethylborane prepared from dimethylphosphine 
and tetramethyldiborane, undergoes disproportionation above 40"^ C, and 
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Upon heating to 165° C there is some evidence that the main reaction is 
(183) 

2(CH3)2PH • HB(CH3)2 -> Ha + (CH3)2PH • B(CH3)3 + (CH3)2PBHCH3 (61) 

(polymer) 

A ring compound with a repeating BCN sequence (XXIa) is obtained in 
low yield from sodium hydride and H2B[N(CH3)3]^C1“ {183a), 


H2 

(ch3)2N c:h2 

H 2 C N(CH3)2 


H 2 


3. Diborane-Borane Equilibrium 

All mono- and dialkylboranes are known as dimeric species in which each 
boron is tetracoordinated and bonded to the adjacent boron through two 
bridge hydrogens (52) (Table 1, 184y etc,). Apparently, the presence of large 
bulky alkyl groups such as 3-methyl-2-butyl does not lead to any observable 
dissociation even in the tetraalkyldiboranes (92). Moreover, there is no 
indication that alkylated diboranes are dissociated in tetrahydrofuran 
(92), a solvent which readily dissociates diborane itself {185^ 186). Steric 
influences may be responsible for the instability of the alkylborane addition 
compounds relative to those formed by borane. Moreover, the bridge 
structures in the alkyl-substituted diboranes might be expected, on the basis 
of compensating polar effects (92), to possess stabilities comparable to that 
of diborane. 

Over 10 years ago an interesting observation was made to the effect that 
bridge bonding occurs only when the hydrogen atoms have a partial negative 
charge {187), On the basis of the performed calculations a number of known 
compounds, including alkylated diboranes, fitted well within this scheme. 
However, the hydrogen atoms of both phenylborane and diphenylborane 
were given positive charges which implied predominately monomer 
character for these compounds. Since then, phenylborane has been syn¬ 
thesized and found to occur as a dimer (66, 55), and a diarylborane, 9-bora- 
fluorene (V), has been reported to exist as a colorless dimer which, however, 
dissociates into the yellow monomer when a benzene solution is heated to 
80°C(77). 



TABLE I 


Alkyl and Aryldiboranes 


lO 


2 


Physical properties 


Compound 

B.p. (° C)/mm) 

M.p. ro 

Other® 

References 

CH 3 B 2 H 5 

rrt. -78.5°/55 

_ 

_ 

52 

1,2-(CH3)2B2H4 

-78°/7 

-124.9° 

IogP = 7.523-(1290/r) 

61 

1,1-(CH3)2B2H4 

-78.5°/10 

-150.2° 

logP = 7.363-(1212/r) 

52 

(CH3)3B2H3 

45.5° 

—122.9° 

logP = 7.673-(1527/r) 

52, 118 

(CH3)4B2H2 

68.6° 

—72.5° 

logP = 7,687-(1643/r) 
Raman {184) 

52,67,118 

C 2 H 5 B 2 H 5 

-78.5°/7 

— 

— 

53 

1,2-(C2H5)2B2H4 

0°/36 

— 

IR 

62 

1,1-(C2H5)2B2H4 

0°/42 

— 

logP = 8.055 -( 1760 /r) 

53 


0°/46 


IR 

62 

(C2H5)3B2H3 


— 

— 

118 


0°/4 



53 

(C2H5)4B2H2 

0°/5 

— 

— 

53, 118 

n-C3H7B2H5 

-60°/6.2 

— 

— 

53 

l,l-(n-C3H7)2B2H4 

33-34°/32 

— 

< 1.4088 

60 


0°/2.8 



53 

(n-CaH 7)462112 

76°/21 


HI NMR {68) 

1.4327 

df = 0.7388 {60) 

60, 67 

(n-C4H9)4B2H2 

98°/12 

— 

1-4375 

118 


40-41 °/0.25 


df = 0.7647 {60) 

60 

1,2.[CH(CH3)2C(CH3)2]2B2H4 

-34.7° to -32.3° 

— 

IR (p. 186, ref. 28) 

92 

1,1-[CH(CH3)2CH(CH3)]2B2H4 

— 

— 

IR (p. 184, ref. 28) 

92 

[CH(CH3)2CH(CH3)]4B2H2 

— 

ca. 40-44° 

IR(p. 182, ref 25) 

92 
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(CycIohexyl)4B2H2 

(^rayw-2-Methylcyclohexyl)4B2H2 

(Isopinocampheyl)4B2H2 

1,2-(C6H5)2B2H4 



0/39 


102M06° — ]]8 

103M05" 92 

116M19" — 92 

- [a]?r - -37.1'^^ 92 

82“-85" — 65 

85" 66 

8r-83" 83 

128-132" — 84 

(dec.) 

115M17" — 83 

117--119- _ 


MS, Bii and NMR, IR 98 


MS, IR 98 


ro 

00 

cn 
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Physical properties 


Compound 


B.p. (° C/mm) M.p. C C) Other« 


References 


CH 


^CH, 




CH5\ch 


H 

H H 


IR 


63 



76^-77'jlO (63) 


IR, 1.4894, 100 

df 0.8541 (63) 



(Mixture of isomers) 



IR (63) 100 

75 


nS 1.4683 63 


(Mixture of isomers) 
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Bis(borafluorene) 



Bis(boraindane) 



Bis(boratetralin) 


142 


100 


107" 


71 


132" 


118, 119 


103-104° 


118, 119 


to 

00 

>4 


Carboranes 



TABLE I —continued 




Physical properties 



Compound 

B.p. (°C/mm) 

M.p. (°C) 

Other" 

References 

{or'\ 

Bis(3-methylboraindane) 

— 

119° 

— 

119 


“ In this table P = pressure; IR = infrared; MS = mass spectrum; NMR = nuclear magnetic resonance. The references for the infrared 
spectra of the first ten compounds are given in Section II, A, 4. 
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The bridge-breaking energies for the various methyldiboranes have been 
estimated to fall in the 25-28.5 kcal range (54); however, these figures may 
have to be revised upward by about 4—10 kcal {188), 

The only alkyldiborane capable of geometrical isomerism is the 1,2- 
dialkyldiborane. Of the two possible forms the tram configuration should 
predominate under equilibrium conditions on steric grounds. However, this 
has not received experimental verification. 


cis 


H 




H 

R 


trans 


4. NMRy Infraredy and Mass Spectra of Alkyldiboranes 

The NMR chemical shifts (Table II) of the methylated diboranes 
exhibit two major trends {128), First, alkyl groups tend to shift the resonance 
absorption of attached boron nuclei to lower field (about 4 ppm per alkyl 
group). Second, unsymmetrical substitution promotes a more pronounced 
shift to lower field for the more substituted boron, as well as a shift to higher 
field for the less substituted boron. Quantitatively, about 6 ppm is added or 
subtracted when the two parts of the molecule differ by one alkyl group; this 
value is doubled to about 12 ppm for a difference of two alkyl groups. 

From rather extensive studies on alkylated diboranes in the infrared 
region of the spectrum characteristic features have been assigned for the 
various B-isomers (Table II, 189) {190-200), Those that contain a terminal 
BH 2 group (i.e., mono- and 1,1-dialkyldiboranes) exhibit twin peaks in the 
region of 2500 cm~\ whereas the isomers with only terminal B—H groups 
(1,2-dialkyldiborane, trialkyldiborane) exhibit singlets. The tetraalkyl- 
diboranes, of course, exhibit no terminal B—H stretching frequency. The 
BH 2 stretching frequencies are lowered by about 10-15 cm“^ for each alkyl 
group substituted on the other side of the bridge and lowered by about 25 
cm“* by an alkyl group attached to the same side. An intense band assigned 
to the asymmetric in-phase stretching of the BH 2 B bridge is located in the 
1580-1610 cm~^ region of all alkyldiboranes, except 1,1-dialkyldiboranes, 
where it is characteristically lowered by about 50 cm~^ This general rule is 
not applicable to strained cyclic systems {98), 

The mass spectra of isotopically labeled methyl- and ethyldiboranes have 
been studied {201 y 202), 
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TABLE II 


NMR AND Infrared Assignments for Methylated Diboranes 



Bii NMR“ 


Selected infrared 
frequencies** 

Compound 

S 

Jt(cps) 

Jb(cps) 

B—Ht Asym in-phase 
stretch B—Hb stretch 
(cm“i) (cm“i) 


B(l) —26.7 
B(2) —8.8 

127 + 5 
127 + 5 

41 ±6 
48±5 

sym 2513 
asym 2571 

1592 

H 

B(l) —36.4 
B(2) —3.6 

125.5 

36.4 

49.7 

sym 2494 
asym 2571 

1546 

'^CH, 

and/or cis 
isomer 

—20.5 

131.2 

47.5 

2519 

1610 

/CH, 

CH,-' '"H-' '-H 

B(l) —29.2 
B(2) —13.6 

133.7 

38.9 

45.2 

2506 

1605 

CH,^ .H /CH, 

—24.8 

— 

39.7 

— 

1605 


“ Chemical shift in ppm relative to boron trifluoride etherate (189). For comparison: 
diborane 6= —16.6; = 128 ±4, = 48; B(CH3)3, S= '-84;J^Tis the boron-terminal 

hydrogen coupling constant; Jb, the boron-bridge hydrogen coupling constant. 

^ Ht, terminal hydrogen atom; Hb, bridge hydrogen atom. 


5. Carbon Monoxide-{C — B)Borane; BH^CO 
The unstable compound carbon monoxide-(C—B)borane (/2), BH 3 CO, 
prepared from diborane and carbon monoxide under elevated pressures 
{203)y has been the subject of intensive spectroscopic investigations. Electron 
diffraction measurements {204) indicate that the molecule has its B—C—O 
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atoms linearly arranged with the three hydrogens attached to the boron, 
giving over-all symmetry. Microwave studies {205-207) have confirmed 
this structure and, in addition, provided more precise values for the 
molecular dimensions {d^^ = 1.194 A, ^bc = 1.540 A, rfco = 1.131 A, angle 
HBH =113® 52'). To explain the nature of the bonding in BH 3 CO the 
following resonance contributions have been suggested (204, 207, 208) and 
weighted (207) on the basis of the microwave data and dipole moment 
measurements (209). 


H 

L . 

H—B—C--0 

I 

H 


H 

L . 

H—B—C O 

1 

H 


H H 

. L . I- . - 

H B--C==0 H B-C—O 


H 


H 


CO, 30% 


. 20 % 


H 

I 

H—B CO 

I 

H 


ca. 50 %o 


Additionally, the ionic character of the BC bond has been estimated to be 
about 20 to 30% (270) from the observed quadrupole coupling constant 
of B^* (205). Infrared (200, 211-214) and Raman spectra (277, 275, 276) 
results for BH 3 CO are in essential agreement with the assigned structure. 
Using available spectroscopic data, potential energy constants, rotational 
distortion constants, and thermodynamic properties have been calculated 
for BH 3 CO (277, 275, 277-279). 

Decomposition of BH 3 CO occurs readily at room temperature, although 

2 H 3 BCO ^B 2 H 6 + 2C0 (62) 

equilibrium is not reached in a short time unless the mixture is heated to 
100® C (205). The rapid decrease in rate at the initial stage of the reaction 
is attributed to an inhibitory effect of carbon monoxide. The other product, 
diborane, has no appreciable effect upon the rate in the early stages of 
decomposition. From a kinetic study a mechanism has been proposed in 

HsBCO^BHa + CO (rapid equilibrium) (63) 

BH 3 + H 3 BCO ^ B 2 H 6 + CO (slow) (64) 

which the rate-limiting step is the displacement of carbon monoxide by a 
borane fragment [Eq. (64)] (220). This mechanism was challenged (227-225), 
but has recently been vindicated {188), 

The products isolated from the reaction of carbon monoxide with alkylated 
diboranes do not contain the B—H bonds expected of a partially alkylated 
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BH 3 CO {224), It is suspected (J7, 102) that these compounds contain 

(BC 0)2 hexatomic rings similar to the rearranged products obtained from 
trialkylborons and carbon monoxide {225y 226), 

In a reaction with trimethylamine, BH 3 CO merely loses carbon monoxide 
with the simultaneous formation of trimethylamine-borane {203), However, 
with ammonia a solid material stable at room temperature is formed, with the 
formula BH 3 CO(NH 3 ) 2 . Monomethylamine reacts with BH 3 CO in the 
same manner as ammonia, forming a compound of the composition 
H 3 BC 0 * 2 NH 2 CH 3 which is moderately stable toward air and water. 
Using X-ray diffraction the structure of this adduct has been established as 
[CH 3 NH 3 ]'^[H 3 BC 0 NHCH 3 ]“. Analogous structures are implied for the 
ammonia and dimethylamine adducts. The compound H 3 BCO- 2 NH 2 CH 3 
reacts with sodium in liquid ammonia and with sodium tetraphenylboron 
{227). 

(CH3NH3)+ (H 3 BCONHCH 3 )- + Na ^ ^H 2 + CH 3 NH 2 + Na+(H3BCONHCH3)- (65) 

(CHsNHs)^ (H 3 BCONHCH 3 )- + Na(BPh4) ^ 

(CH3NHa)+ (BPh4)- + Na+(H3BCONHCH3)- (66) 

In a reaction reminiscent of the ether-catalyzed hydroboration reaction 
(Sections II,A,l,d and II,A,2,d), the B—H bonds of BH 3 CO add to 
ethylene at ambient temperatures to form triethylboron with the release of 
carbon monoxide {102), 

6 . Metal and Ammonium Organotetrahydroborates 

The first organo-substituted tetrahydroborate to appear in the litera¬ 
ture was M'^[BH(C 6 H 5 ) 3 ]“ (M = Li, Na, K), obtained by addition of tri- 
phenylborane to an alkali-metal hydride. Alternatively, the sodium deri¬ 
vative was prepared by the methanolysis of sodium triphenylborane {228), 
Since then, many other organotetrahydroborates have been prepared and 
some of their chemical reactions studied. These are summarized in Eqs. 
(67H89). 

LiAlH 4 + (CH3)3B ^ LiB(CH 3 )H 3 + (CH 3 ) 2 AlH Ref. (229) (67) 

(CH8)3B 

U(BH4)4->-U(BH4)3(BH3CH3) + U(BH3CH3)4 Ref. (2J0) (68) 

50‘>-70° C 


U(BH4)3BH3CH3 + 6HC1 ^ UCl4 + 6H2 + fB2H6 + CH3BCl2 
U(BH3CH3)4 + 12HC1 ^ UCI 4 + I 2 H 2 + 4 CH 3 BCU 


(69) 

(70) 
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2 LiH + (C 6 H.,BH,), 
2 LiC 6 H 5 + B:H 6 — 


2UB(C,H5)H3 Ref, ( 23 ]) 


3LiH + CeH6BCl2 ^ LiB(C6H6)H3 + 2LiCl 
MgRs + BzHa ^ Mg(BRH3)2 Ref. ( 232 ) 
Mg(BRH3)2 + MgR2 ^ 2RMgBRH3 
A1 impurity 

2MgR2 + B 2 H 6 -> HMgBR 3 H + RMgBH4 Ref. ( 233 ) 

NaH + (C 2 H 5 ) 3 B NaB(C 2 H 5 )sH Refs. ( 234 , 235 ) 


NaB(C 2 H,)jH 



Meat, pressure 


(CjH.OjB + Hz + NaOH Ref. (235) (78) 

NaH + (C2H.03B (79) 

NaB(C 2 H ,)4 


NaB(C 2 H 5 ),H + 



+ .NraCI + (C2H,)3B 
(81) 


6NaBR3H + 6(R2B)2CHCH2CH2CI 


+ 10R3B + 3R4B2H2 + 6Naa Ref. (159) (82) 


Ether or 

NaH + (C 6 H 5 ) 3 B-> NaB(C 0 H 5 ) 3 H Ref. { 228 ) (83) 

heat 

(or LiH 
or KH) 

2(C6H5)3BNa + CH30H ^ NaB(C6H5)3H + NaB(CaH5)30CH3 (84) 

NaB(CaH5)3H + HCl ^ (C 6 H 5 ) 3 B + Ha + NaCl (85) 

Pyridine 

LiBCCeHslsH + CeHsCOCl-C 6 H 5 CH 2 OH + (CsHslaB • pyridine 

Ref. ( 236 ) (86) 

100°C 

LiBH 4 + HCN-s- LiB(CN)H3 + H 2 Ref. ( 237 ) (87) 


NaCN + 2BH3 0R2- 


Na+(H3BCNBH3)-'2R20 Ref. (258) (88) 


NH4CN + B2H6 


NH4+(H3BCNBH3)- 


H8BCNBH2NH3 + H2 
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Although it is convenient to think of these compounds as organic analogs 
of metal tetrahydroborates, it is somewhat surprising to find the B—H 
infrared band for the triethyl derivative at 5.4 /x, a region generally attributed 
to bridge bonds (23S), A bridge bond may also account for the observed 
NMR spectra {128), An infrared spectrum of the methyl derivative of 
lithium borohydride also indicates a considerable change in structure relative 
to that of lithium borohydride {238a), 

In a manner analogous to some of the above addition reactions triphenyl- 
phosphinemethylene interacts with diborane to form an inner salt (XXII) 
containing a C—B—H linkage {239), 

EtiO 

(C0H5)3P+CH2-+iB2H6-> (C6H6)8P+CH2BH8“ (90) 

(XXII) 

A reaction of tetramethyldiborane with sodium in ammonia at low 
temperatures produces the rather interesting salt (XXIII) according to 
Eq. (91) {166), 

NH3 

(CH3)4B2H2 + 2Na + NH3-> Na2HB(CH3)2 + (CH3)2BHNH3 (91) 

-75“C 

(XXIII) 

The salt Na 2 HB(CH 3)2 is stable as a white solid in vacuo up to 90° C, 
however, it hydrolyzes rapidly and quantitatively to (CH 3 ) 2 BOH, 2 H 2 , and 
2NaOH. Dissolved in liquid ammonia, it is yellow, diamagnetic, well- 
ionized, and unstable relative to disproportionation, a reaction that is 
promoted by tetramethyldiborane. In dimethyl ether, in which it is highly 
aggregated, (XXIII) is a ready source of hydride ion, easily converting 
chlorosilane to silane. In liquid ammonia the anion of the salt acts as a Lewis 
base, bonding with trimethylborane to form the compound Na 2 HB(CH 3)2 * 
B(CH 3)3 which is stable up to 100° C in vacuo {166), The calcium salt, 
CaHB(CH 3 ) 2 NH 3 , prepared in a manner analogous to the sodium salt, 
does not form an adduct with trimethylborane (240, 241), 


B. Tetraborane Derivatives 

1. Alkyltetraboranes 

A methyltetraborane has been obtained in low yield from an exchange 
reaction between tetraborane and a mixture of monomethyldiborane and 
dimethyldiboranes. Infrared evidence supports the assignment of the methyl 
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group to the 2-position {242), Attempts to prepare ethyltetraborane 
through an analogous exchange between ethyldiboranes and tetraborane 

B 4 H 10 + CH 5 B 2 H 5 ^ CH 3 B 4 H 9 + B 2 H 6 (92) 

{243) or from ethylene and tetraborane have been unsuccessful. However, a 
reaction between the latter two compounds in a hot-cold reactor has been 
reported to give 2,4-dimethylenetetraborane (XXIV) in good yield {244), 

100*^0 

C 2 H 4 + B 4 H 10 -> C 2 H 4 B 4 H 8 + H 2 (93) 

(XXIV) 

The cyclic bridge structure (Fig. 2) proposed for this compound on the 
basis of infrared evidence has been confirmed by and nuclear 



Fig. 2. Structure of 2,4-dimethylenetetraborane. 

magnetic resonance studies {245). Consistent with this structural assign¬ 
ment, oxidative hydrolysis and methanolysis of 2,4-dimethylenetetraborane 
produces ethylene glycol and l, 2 -bis(dimethoxybora)ethane, respectively 
{244). 

C 2 H 4 B 4 H 8 + I 2 H 2 O ^ H0CH2CH20H-H4B(0H)3 + 9H2 (94) 

C 2 H 4 B 4 H 8 +1OCH 3 OH ^ (CH30)2BCH2CH2B(0CH3)2 + 2B(0CH3)3 + 9H2 (95) 

2. Carbon Monoxide-{C — B)Tetraborane{8) 

The compound carbon monoxide-(C—B)tetraborane( 8 ) {12), B 4 HgCO, 
is prepared by the action of carbon monoxide on either Bsli\\{102, 246) or 
B 4 H 10 {102, 247). The latter reaction is first order in tetraborane(lO) and 
zero order with respect to carbon monoxide, suggesting a slow step [Eq. (96)] 
followed by a fast combination of the resulting B 4 H 8 with carbon monoxide 
[Eq. (97)] {102, 247), Similarly, the reaction of carbon monoxide with 


B 4 H 10 -*■ B 4 H 8 + H 2 (slow) 
B 4 H 8 +CO-s-B 4 H 8 CO (fast) 


(96) 

(97) 
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pentaborane( 11) probably involves a slow cleavage [Eq. (98)] with subsequent 
formation of the appropriate carbonyl adducts of the intermediate boron 
hydride species. 

B 5 H 11 B 4 H 8 + BH 3 (slow) (98) 

B 4 HB + CO B 4 H 8 CO (fast) (99) 

BHs + CO ^ BH 3 CO (fast) (100) 

The reversibility of these reactions is evidenced by the high yields of B 4 H 10 
and B 5 H 11 when H 2 or B 2 H 6 reacts with B 4 H 8 CO { 102 ), 

The infrared spectrum of B 4 H 8 CO includes a carbon-oxygen stretching 
band very similar to that of BH3CO (Section II,A,5) which suggests a 
parallel kind of B—C—O bonding. Two structures (XXV) and (XXVI) 
have been suggested as being consistent with the B^^ nuclear magnetic 
resonance spectrum. A tautomerism similar to that in BsHi 1 is considered in 
structure (XXVI). 


H H 



H 


A number of basic reagents attack B 4 H 8 CO to form nonvolatile materials 


without liberation of carbon monoxide { 102 , 237 ), 

B 4 H 8 CO + (CH 3 ) 3 N ^ (CH3)3NB4H8C0 (101) 

B 4 H 8 CO + (CH3)20 (CH3)20B4H8C0 (102) 

B4H8C0+ji:H 20 -> 8.8H2+>’B(0H)3 +residue (103) 

B 4 H 8 CO + 2 NH 3 -> B 4 H 8 CO • 2 NH 3 (104) 
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On the basis of largely chemical evidence, the structure of B 4 H 8 CO • 2 NH 3 
appears to be analogous to that of BH 3 CO- 2 NH 3 (2J7). 


[NH.r 


H2N O 
\ 

c 

I 

B 4 H 3 


A reversible {102) displacement of carbon monoxide from B 4 H 8 CO is 
observed with PF3 {248), 

B 4 H 8 CO 4- PF 3 ^ B 4 H 8 PF 3 4- CO (105) 

A similar displacement is observed with the use of F 2 PN(CH 3)2 {248a). 

It is interesting that ethylene did not displace carbon monoxide from 
the tetraborane( 8 )-carbonyl with formation of B 4 H 8 C 2 H 4 {244), Instead, 
the two reagents combined in a ratio of 4:1 to form (C 2 H 4 ) 4 B 4 H 8 CO of 
undetermined structure {102), 


C. Pentaborane{9) Derivatives 

Alkylation of the apical boron atom in pentaborane(9) is effected by 
olefins or alkyl halides in the presence of a Lewis acid catalyst such as 
aluminum chloride {249-254). (Fig. 3). Alternatively, trialkylborates (255), 



Fig. 3. The Friedel-Crafts synthesis of l-alkyIpentaborane(9). 

alkyl ethers (256, 257), and alkyl silicates (255) have been utilized as alkyl¬ 
ating agents. Multiple alkylation of pentaborane does not occur under the 
conditions of this modified Friedel-Crafts reaction {249) even when drastic 
conditions are imposed (259). This can be considered as supporting evidence 
that the acid-catalyzed alkylation reaction results in substitution at the 
chemically unique apical boron atom. However, the site of substitution 
is unambiguously established by B^^ and nuclear resonance (25i). The 
high-field doublet (apical B—H) in the B^^ NMR of pentaborane collapses 
to a singlet and shifts to lower field (B—R) {251 y 260); and the high-field 
quartet (apical H—B) in the NMR of pentaborane disappears entirely 
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{251), Other known acid-catalyzed pentaborane substitution reactions also 
result in apically substituted pentaboranes {251^ 261-263). This is in agree¬ 
ment with the predicted site of electrophilic substitution based on charge 
distributions, as determined from valence bond and molecular orbital 
treatments {1 7, 264,265). Furthermore, the position of observed attachment 
of boron on the carbon skeleton (i.e., the most substituted carbon when 
unsymmetrical alkenes are used) is consistent with this predicated mechan¬ 
ism {249). The position of boron attachment is kinetically rather than 
thermodynamically controlled, for basal substituted alkylpentaboranes 
are found to be about 3 kcal/mole more stable than the corresponding 
apically substituted pentaboranes {266). 

There are several different methods [Eqs. (106)-(108)] by which 2-alkyl- 
ated pentaboranes can be prepared. The reaction of pentaborane at elevated 

150° C 

B5Hc) + CH 2 =-CH—CH 2 CH 3 -2-(CH3CH2CH2CH2— )B5H8 (106) 


1—RB5Hg 


Lewis base, room temp. 



20(V C 



2—RB,H8 


(107) 


CH 2 =CH 2 + B 2 H 6 Heat Complex mixtures containing 

or ^ monoalkylated and poly- (108) 

R 3 B+ B 2 H 6 alkylated pentaboranes 

temperatures with olefins in the absence of a catalyst {267) gives good 
conversions but poor yields of the appropriate 2-alkylpentaboranes. The 
position of attachment of the boron atom on the carbon skeleton (least 
substituted when unsymmetrical olefins are used), as well as the basal 
substitution on the pentaborane pyramid, are in accord with a proposed 
mechanism of nucleophilic attack by the olefin (267). The small positive 
charge assigned to each basal boron atom in pentaborane from valence 
bond and molecular orbital treatments (77, 264, 265), in contrast to the 
negative charge assigned to the apical boron, gives theoretical support to this 
mechanism. 

With the use of a sterically hindered Lewis base such as 2,6-dimethyl- 
pyridine a rearrangement of 1-alkylpentaboranes to the corresponding 
2-alkylpentaboranes is effected at room temperature without noticeable 
build-up of an intermediate species {260). On the other hand, use of a 
relatively strong base such as trimethylamine converts the alkylpentaborane 
to an intermediate salt (XXVII) which yields the more stable 2-alkylpenta- 
borane isomer on treatment with an appropriate acid {268). It is proposed 
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{XXVII} 

{26S) that the Lewis-base-catalyzed isomerization of alkylpentaboranes 
proceeds through such an intermediate ion, rather than via a symmetrical 
cleavage [260) or an intramolecular symmetrical semicleavage mechanism 
(77, 269). It is unlikely that the thermal rearrangement of 1-alkyIpenta- 
boranes proceeds by such an ionic intermediate, although the alkyl-boron 
migration is undoubtedly intramolecular {259). However, on the basis of 
isotopic exchange studies, an intermolecular hydrogen exchange presumably 
accompanies, or perhaps is responsible for, the thermal isomerization {270). 
A boron-boron exchange has been observed on treating the 1:2 adduct of 
1-methylpentaborane and trimethylamine with B^®-enriched diborane. The 
more stable 2-methylpentaborane is liberated and exhibits B^®-enrichment 
in all positions except B(2) {270a). 

Pyrolysis of ethylene-diborane and trimethylborane-diborane mixtures 
(277, 272) yields 2-alkyIpentaboranes, as well as mixtures of poly alkylated 
pentaboranes and alkylated decaboranes. The B^^ NMR data for the alkyl¬ 
ated pentaboranes obtained from the ethylene-diborane reaction (277) 
should be reinterpreted in favor of a downfield chemical shift effect of the 
alkyl group. 

The alkylpentaboranes are sensitive to air oxidation and to hydrolysis, 
the derivatives with smaller alkyl groups resembling pentaborane(9) more 
closely in this respect (249,267). Known alkylpentaboranes are summarized 
in Table III. 

The reaction of pentaborane(9) with alkynes to form carboranes is 
reviewed in Section HI. 

D. Pentaborane{l I) Derivatives 

Reversible exchange at ambient temperatures between pentaborane(ll) 
and monoalkyldiboranes, or 1,2-dialkyldiboranes, provides a convenient 
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TABLE III 

Alkyl Derivatives of Pentaborane(9) 


Compound 


Physical properties 

References 

B.p. 

(°C/mm) 

M.p. ro 

Other 

1 -Methylpentaborane(9) 

75.2° 

-56° to -55° 

IR (257), Bii NMR (259) 

249 


0°/35 



272 

1 -Ethylpentaborane(9) 

106° 

-85° to -84° 

IR, HI NMR (257) 

249 


104° 

-85° 

Bii NMR (257, 260) 

250 

1 -Isopropylpentaborane(9) 

124° 

-93.5° to -92.5° 

— 

249 

l-iec-Butylpentaborane(9) 

148° 

— 

— 

249 

1 -Methyl-2-iec-buty lpentaborane(9) 

164° 

— 

— 

249 

2-Methylpcntaborane(9) 

0°/20.2 

— 

IR (272), Bii NMR (259) 

272 

2-Ethylpentaborane(9) 

— 

— 

fill NMR (260) 

259, 260, 267 

1,2-Dimethylpentaborane(9) 

— 

— 

Bii NMR 

259 

2-n-Butylpentaborane(9) 

154.5° 

— 

— 

267 

2-sec-Butylpentaborane(9) 

150° 

— 

— 

267 

2- Isobuty lpentaborane(9) 

152° 

— 

— 

267 

Di-( 1 -pentaboryl)methane 

88°/14 

50.8°-51.8° 

IR 

263 

(1 -Pentaboryl)dichloroborylmethane 

— 

— 

IR 

263 

(B5H8)CH2BCl2 
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TABLE IV 

Alkyl Derivatives of Pentaborane(II) 


Compound 

Physical properties 

B.p. (°C/mm) Other 

References 

2-MethyIpentaborane(l 1) 
2 -CH 3 B 5 H 10 

0°/21 

MS, IR, hi NMR 

242 

DimethyIpentaborane(l 1) 

(CH3)2B5H9 

— 

MS, IR 

242 

2-EthyIpentaborane(l 1) 
C 2 H 5 B 5 H 10 

0°I5 

IR (274) 

243, 274 

Diethylpentaborane(ll) 

(C2H5)2B5H9 

0°/0.5 


243, 274 


method for obtaining monoalkyl and dialkylpentaborane(ll) derivatives 
(see Table IV) {242, 243). 

B5Hii + l,2-R2BaH4 ^ RB5H10 + RB2H5 (109) 

RB5 Hio+ 1,2-R2B2H4 ^ R2B6H94-RB2H5 (110) 

R = CH3— C2H5— 

The nature of this reaction appears consistent with the previously reported 
isotopic exchange between diborane and pentaborane(ll) (273). Other 
methods include the direct interaction of ethylene with pentaborane(ll) at 
25° C (274), and a reaction at elevated temperatures (100° C) between tetra- 
borane and a methyldiborane mixture (242). From NMR and infrared 
evidence {242, 274) the monoalkylated product is most probably 2-alkyl- 
pentaborane(ll). The presence of two methyl resonances in the NMR 
of 2-methylpentaborane(l 1) is attributed to a mixture of the possible exo and 
endo forms (Fig. 4) {242). 

Although the structure of the dialkyl derivative of pentaborane(ll) has 
not been unambiguously determined, it is believed that the two alkyl groups 
are attached to different boron atoms. This assignment is partially supported 



Fig. 4. Exo and endo forms of 2-aIkylpentaborane(ll). 
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by the inability of B 5 H 11 to exchange with 1,1-diethyldiborane. However, this 
unobserved exchange may involve an unfavorable rate rather than an 
unfavorable equilibrium (243). 

Products which can be predicted on the basis of the above equilibria 
[Eqs. (109) and (110)] and from known pentaborane(ll) chemistry have been 
isolated from decomposition studies on the alkylated pentaboranes(ll). 
One such decomposition gave evidence for formation of a trialkylated 
pentaborane(ll) {242). 

E. Decaborane(l4) Derivatives 

In contrast to the monoalkylation of pentaborane(9), Friedel-Crafts 
alkylation of decaborane(14) with alkyl halides or olefins yields a mixture of 
derivatives (250, 275-282). 

CHsBr 

B 10 H 14 -> I-CH 3 B 10 H 13 + 2 -CH 3 B 10 H 13 +1 ,2-(CH3)2BioHi2 

5% 15% 19% 

+ 2 , 4 -(CH 3 ) 2 BioHi 2 + 1 , 2 , 3 -(CH 3 ) 3 BioHii 
5% 17% 

+1 ,2,4-(CH3)3BioHii +1,2,3,4-(CH3)4BioHio 
17% 22% 

+ l,2,3,5(or8HCH3)4BioHio (111) 

3% 

However, the preferred boron sites of this presumed electrophilic sub¬ 
stitution are in accordance with the regions of high charge density, as com¬ 
puted by molecular orbital calculations (17), 

Position 2,4 1,3 5,7,8,10 6,9 

Charge --0.10 -0,04 +0.12 +0.33 

Conversely, the 6,9 and 5,7,8,10-positions are the preferred sites of nucleo¬ 
philic substitution (283). 

CHaLi 

B10H14 -> 6-CH3BioHi3 + 6,5(or 8)-(CH)3)2BioHi2 

45% 17% 

+ 6,9-(CH3)2BioHi2 + 5 -CH 3 B 10 H 13 (112) 

8% 1.5% 

Grignard reagents also give the expected 6 -alkylated decaboranes, but in low 
yield (284). The major product, instead, is a rather novel Grignard reagent, 
decaboranylmagnesium iodide, which in turn reacts with a variety of 
compounds to form decaborane derivatives (284-287). 

CaHsMgl 


B10H14 


■> 6-C2H6B10H13+ BioHi 3 MgI 
10% 90% 


(113) 
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BioHijMgl 


(CHi)aS04 






C4H*F 


C^HsCHaCl 


CH 2 =CH—CHjBr 

-► 


5-CH3B,oH,3 + 6-CH3B,oH,3 

5-C2H5B10H13 

C 4 H 9 B 10 H 13 

6.C6H5CH2B|oH,3 
CH2=CH—CH2B,oH,3 


(114) 

(115) 

(116) 

(117) 

(118) 


In a similar fashion the BioHi 3 ~ ion, prepared from sodium hydride and 
decaborane, reacts with methyl and ethyl sulfate {288) and benzyl chloride 
{288y 289) to give the same substituted decaboranes as are obtained from the 
decaboranyl Grignard reagent. 

Pyrolysis of an ethylene-diborane mixture has yielded a complex product 
which contains, in addition to alkylated pentaboranes (Section II, C), a 
mixture of mono- (probably 5-substituted), di-, tri, and tetraethyldeca- 
boranes (271). 

Although no NMR chemical shift data are available for the various 
alkylated decaboranes, a comparison of published spectra with that of 
decaborane usually reveals the position of attachment in a rather direct 
fashion (250, 271 j 275, 283-285, 289). Unfortunately, the resonance lines of 
the 1,3 and 6,9-positions overlap. However, it has generally been observed 
that 6-alkyldecaboranes (Fig. 5) can be differentiated from 1-alkyldeca- 



R 


Fig. 5. Ball and stick model of 6-alkyldecaborane. 


boranes simply by observing changes in the resonance lines of the apical 
2- and 4-positions of B—H. The high field doublet (B—H coupling) 
assigned to the chemically equivalent 2,4-positions in decaborane remains 
as a single doublet structure in the 1-substituted compound, whereas 
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in the 6-substituted compound the 2- and the 4-positions, no longer 
equivalent, are observed as two sets of closely spaced doublets {283-285). 

The alkyldecaboranes, like decaborane, can be titrated as monoprotic 
acids in acetonitrile (275, 283). In the presence of cineole, the four bridge 
hydrogens of 6-benzyldecaborane exchange rapidly with deuterium oxide. 
This is followed by an exchange of three other hydrogens (probably 8-, 9-, 
and 10-positions), and eventually the remaining six terminal hydrogens 
(289). 

Mono-, di-, tri-, and tetraethyldecaboranes react with alkyl cyanides and 
other ligand molecules (292) to give materials (293) which are most likely 
related to bis(acetonitrile)decaborane {294, 295). In contrast to the B—N 
bonding in the latter compound, there is a possibility that carbon-boron 
bonds are formed from the reaction of cyanide ion with decaborane {238, 
296). 

TABLE V 

Derivatives of Decaborane 


Physical properties 


Compound 

M.p. ro 

Other 

References 

2-Methyldecaborane 

4°-6‘^ 

Bii NMR 

275 

5 -Methy Idecaborane 

— 

Bii NMR 

284, 288 

6-Methyldecaborane 

o 

00 

o 

Bii NMR 

283, 284,288 

1 -Ethyldecaborane 

r-2“ 

X-ray 

290 

5-Ethyldecaborane 

io_2o 

Bii NMR (271, 
284), IR (271) 

271, 284,288 

6-Ethyldecaborane 

-2.5° to -2° 

— 

283, 284, 288 

6-Benzy Idecaborane 

63.5°-64.5° 

IR (285) 

MS (289) 

Bii NMR (285) 

284, 285, 

288, 289, 
291 

Cyclohexyldecaborane 

90°-9r 

— 

286 

Allyldecaborane 

— 

n?? 1.5652 

287 

1,2-Dimethy Idecaborane 

— 40° (glass) 

Bii NMR 

275 

2,4-Dimethyldecaborane 

43.5°^4.5° 

Bii NMR 

275 

6,5(or 8)-Dimethyldecaborane 

26.5°-28.5° 

Bii NMR 

283 

6,9-Dimethyldecaborane 

64°-65° 

Bii NMR 

283 

1,2-Diethyldecaborane 

— 

Bii NMR 

250 

2,4-Diethyldecaborane 

— 

Bii NMR 

250 

Dibenzyldecaborane 


MS 

289 

1,2,3-Trimethyldecaborane 

161M63° 

Bii NMR 

275 

1,2,4-Trimethy Idecaborane 

12M3° 

Bii NMR 

275 

1,2,3,4-Tetramethy Idecaborane 

178M79° 

Bii NMR 

275 

l,2,3,5(or 8)-TetramethyIdecaborane 

70°~7r 

Bii NMR 

275 
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A second-order rate with an activation energy of 39.5+1 kcal/mole is 
observed for the decomposition of 2-ethyldecaborane at about 220° C. The 
initial products from this pyrolysis ^re decaborane and diethyldecaboranes 
(297). The ionization potential (295), infrared (299), and mass spectrum 
(300) of ethyldecaborane have been reported. 

Derivatives of decaborane are listed in Table V. Carborane formation 
from decaborane and acetylenes is summarized in Section III. 


F- 6 ioHio^“ and 612 ^ 12 ^" Derivatives 

An abundance of organic derivatives of the polyhedral (301) 
and Bi 2 Hi 2 ^" ions (302^ 303) has recently been reported (304-306), This 


B.oH, 


CbHsCOCI 




BioHgR 


olefin 
2 ~ 


H 2 O 2 


BioH^OCOCftH, 


OH- 


-B,oH,OH2- 


BioH.COQHjS -»■ B,oH,C(C6H,)=NNHCONH22 

CI 2 

y 

BioCl.COCeHj^--> BioCl,C(C6H5)=NNHCONH2^ 

HsOs 


BioC 1 ,OCOC 6 H 5 


H* 


Cl, 


B,oCI,OH^' 

(119) 


1. CU. HgO ^ 

2. heat 

CHaOH , 


NaBH4 


BioCl 8 (CO )2 


B,oH 


2- 1 . HONO 


CO 


2 . N-.BH; BioH 8 (N 2)2 i20“-t4O"c 


CO, 

120'’~140‘'C, 

cyclohexane 


CsHmB,oH7{CO)2 + (QH,,)2B,oH«(CO)2 


B,„H 8 (C 0)2 


LLAlH, 


B,„H8(CH3)2'- 


NaN, 


H,NOSO,H ’ B|oH8(NH3)2 


- ^(NH4 +)2 B,oH8 (CONH2)2^- 

Cs + 

Y 

300“ C 

Cs2B,oH8(CN)2 - Cs2B,oH8(CONH2)2 


(120) 
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can be partially attributed to the development of one-step syntheses of the 
parent ions from monoboron compounds (J07, 308). Many of the reactions 
encountered for these ions are very reminiscent of aromatic hydrocarbon 
chemistry, as is illustrated in the following equations {304-306^ 308a-308c). 
A similarity will also be noticed between the products of the Lewis base 
reactions of BioH 8 (CO )2 and those of BH3CO (Section II, A,5) and of 
B4H8CO (Section II,B, 2 ). 

Whereas the inner diazonium salt BioH 8 (N 2)2 and the dicarbonyl 
BioH 8 (CO )2 are 1,10-substituted, the benzoyl derivative (Fig. 6) is pre¬ 
dominantly the equatorial isomer. 



Fig. 6. Structure of the 6-benzoyl derivative of BioHio^“. 

In water the intermediate carbonyls are in equilibrium with carboxylic 
acid derivatives, which are isolated as salts. Acidity function studies indicate 
carboxyl proton ionization constants of about 10“^ {305). 


HaO HaO 

B, 2 H,o(CO )2 . H^BizH.oCOOH CO- :;=:^ (Hn2B,2H,o(COOH)22- 

1 OH- 


III 

CARBORANES 


B,2H,o(COO)24^ 


021 ) 


As mentioned previously (Section I), the term “carborane’' is used to 
designate a C—B—H system in which the carbon atoms are an integral part 
of the skeletal framework. At present, only carboranes with two carbon 
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skeletal atoms are known; however, it is to be anticipated that systems with a 
differing number of carbon atoms but within the general formula 
will be prepared in the future. Additional characteristic features 
of the carboranes include the polyhedral arrangement of atoms and the 
absence of bridge hydrogens so commonly present in the boron hydrides. 
The dihydrocarboranes (Section III,B), with two extra hydrogens present in 
bridge positions, may be loosely considered a hydrid of the carborane and 
boron hydride structural patterns. 

An extensive review of bonding principles used to describe the carboranes 
and related systems is now available {17), For the purpose of the present 
discussion a simplified molecular orbital approach {17^ 309-311) is briefly 
outlined. In this treatment it is convenient to initially examine the 
ions which are considered to be isoelectronic with the two-carbon carboranes. 
The hypothetical BsHs^-, B 6 H 6 ^~, and 87117 ^” ions can be pictured with an 
equatorial belt of planar B—H units joined by a bonds, and a 7 r-electron set 
of molecular orbitals which combine with the appropriate combination of 
orbitals formed from the additional B—H units above and below the equa¬ 
torial plane (Fig. 7)3 By removing the apical B—H groups from the poly- 



Fig. 7. Simplified description of bonding in BeHe" (isoelectronic with C 2 B 4 H 6 ). 

hedral BsHs^” (isoelectronic with C 2 B 3 H 5 ), B 6 H 6 ^” (C 2 B 4 H 6 ), and B 7 H 7 ^~ 
(C2B5H7) ions the remaining planar B4H4^~, and BsHs^" units 

can be treated by the usual molecular orbital methods employed for aro¬ 
matic hydrocarbons. 

A similar approach has been used for the pyramidal ions. Such 

highly charged species are not expected to be particularly stable. However 
2 The ion BeHe^" has recently been isolated and characterized (311a). 
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this drawback can be remedied by replacing C for B“ and/or by adding H'^ 
to the edge-single B—B bonds to produce bridge H atoms. Such modifica¬ 
tions predict pyramidal C 4 B 2 H 6 and C 4 BH 5 molecules as well as the known 
C 2 B 4 H 8 (Section III,B»1)' 


TABLE VI 

Geometries of CnBe-nHo Molecules and Ions® 



n = 6 

n — 4 


« = 0 

Planar 

CsHo 

C4B2H62- 

— 

_ 

Pyramidal 

— 

C4B2H6 

C 2 B 4 H 62 “ 


Bipyramidal 

— 

C4B2H62+ 

C2B4H6 



® Bold face formulas represent known systems; the others have been considered 
or implied by Lipscomb ( 77 ). 


In Table VI known and predicted molecules and ions having the general 
formula C„B6_„H6 are classified in terms of their known or expected 
geometries. Logical extensions of the above correlations suggest bipyramidal 
CB 5 H 6 ~", pyramidal C 3 B 3 H 6 “, and planar CsBH^" ions, among others. 

Thus, far, all of the known carboranes have been derived either directly 
or indirectly from reactions of alkynes with various boron hydrides. In these 
reactions only the carbons participating in the triple bond of the alkyne 
become skeletal atoms in the carborane. No routes to the hypothetical four- 
carbon carboranes have been suggested. However, the dehydrogenation of 
the cyclic diborane derivatives prepared from butadiene (95, 100) should 
lead to C4BH5 and C4B2H6. Unfortunately, such a conversion may require 
electric discharge conditions, in which case extremely low yields can be 
expected. 

A. Small** Carboranes: C263/-/S, /, 2 -C 264 H 6 , /,6-C264H6, and 

C265H7 

1. 1 j5-Dicarbaclovopentaborane{5)^ 

Reactions between acetylene and either diborane {312) or pentaborane(9) 
{313y 314) in a silent electric discharge afford small but sufficient quantities 
of the carborane C 2 B 3 H 5 for nuclear magnetic resonance and infrared 
analyses. Recently, improved yields of the compound have been obtained 
from the electric discharge of 2,3-dicarbaclovohexaborane(8) (315). From 
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available spectroscopic data C 2 B 3 H 5 , the smallest of the known carboranes, 
is assigned a trigonal bipyramidal structure (Fig. 8 ) with a carbon atom at 



Fig. 8. Ball and stick model of l,5-dicarbaclovopentaborane(5). 


each of the two apices {313y 314). This geometry is consistent with the pre¬ 
sumed structure of the hypothetical isoelectronic ion (310). 

Interestingly, of the three possible C 2 B 3 H 5 isomers having a trigonal 
bipyramidal framework, the one isolated, l,5-dicarbaclovopentaborane(5), 
was predicted to be the most stable, based on molecular orbital and resonance 
considerations {17^316). 

l,5-Dicarbaclovopentaborane(5) is stable up to about ISO'^C, at which 
temperature it slowly decomposes affording tan solids and hydrogen (315). 
When allowed to come into contact with acetone, trimethylamine, carbon 
dioxide, air, or water at room temperature no noticeable reaction ensues, 
which is in contrast to the reactivity of most boron hydrides with these 
reagents. The deuterium in deuteriodiborane exchanges with the three 
hydrogens bonded to the boron atoms, but not with the hydrogens bonded 
to the carbon atoms {314). 

Recently, S,5,S-triethyl-C,C-dimethyl-l,5-dicarbaclovopentaborane(5) 
has been isolated from a reaction of tetraethyldiborane with acetylene 
{316a). 

2. 7,6- and 1 y2-Dicarbaclovohexaboranes{6)y 

Two compounds having the composition C 2 B 4 H 6 have been isolated from 
the electric discharge of acetylene-diborane or acetylene-pentaborane 
mixtures (J7J, 314y 317)y as well as from the electric discharge of 2,3- 
dicarbahexaborane( 8 ) {315) (Section III,B,1). The B^^ and nuclear 
magnetic resonance, infrared, and mass spectra are consistent with the 
suggested octahedral (tetragonal bipyramid) structures for both molecules. 
In this case both isomeric possibilities (Fig. 9) are realized: the trans or sym- 
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Fig. 9. Ball and stick models of the two isomers of C 2 B 4 H 6 . 


metrical isomer, l,6-dicarbaclovohexaborane(6) (XXVIII), and the cis or 
unsymmetrical isomer, l,2-dicarbaclovohexaborane(6) (XXIX) {313y 317). 

In both compounds each carbon atom appears to be bonded to five 
instead of the customary four atoms. To circumvent this anomaly the concept 
of carbon participating in delocalized two- and three-center bonds is invoked 
(77, 316). From the NMR a shielding constant of about 1.1 has been 
determined for the l,6-dicarbaclovohexaboranyl(6) group bonded at a 
skeletal carbon atom (315). 

Contrary to a previous impression [317), 1,2-dicarbaclovohexaborane(6) 
can be quantitatively rearranged at about 250° C to the more symmetrical 
isomer, l,6-dicarbaclovohexaborane(6) [315), as predicted [313, 318). The 
1 ,6-isomer can remain in contact with acetone, trimethylamine, ammonia, 
air, and water at room temperature without noticeable reaction. The hydro¬ 
gen atoms attached to the boron atoms will undergo H-D exchange with 
deuteriodiborane at room temperature, but the exchange rate is less rapid 
than a similar exchange with l,5-dicarbaclovopentaborane(5) (previous 
section) (317). 

C-Alkylated derivatives of l,6-dicarbaclovohexaborane(6) (XXVIII) 
are obtained in modest yield from the pyrolysis of corresponding C-alkyl- 
ated 2,3-dicarbahexaborane(8) derivatives (Section III,B,1) in the presence 
of trimethylamine. Since temperatures above 250° C are required for the 
conversion, it is not surprising that C-alkylated derivatives of 1,2-dicarba- 
clovohexaborane(6) (XXIX) are absent from the product mixture. The 
absence of trimethylamine during the pyrolysis significantly decreases the 
yield of C-alkylated l,6-dicarbaclovohexaborane(6) and favors, instead, 
another major volatile product, C-alkylated 2,4-dicarbaclovoheptaborane(7) 
(Section III, A, 3). Apparently, the unshared electrons of trimethylamine 



Carboranes 


311 


play an important part in determining the course of the pyrolysis, for it is 
established that the effect of this amine as a diluent is negligible {319). 

3. 2y4-Dicarbaclovoheptaborane{7)y C 2 B^Hj 
In addition to the small carboranes mentioned above (Sections III,A,1 
and 2 ), the silent electric discharge of diborane-acetylene or pentaborane- 
acetylene mixtures produces a compound of composition C 2 B 5 H 7 , in low 
yield, The and nuclear magnetic resonance and infrared spectra 
(J7J, 319) of this compound indicate that there are no bridge hydrogens and 
that there are three different boron environments in the ratio 2 : 2 : 1 . 
Within the proposed (313) pentagonal bipyramidal arrangement this elimin¬ 
ates a symmetrical structure with carbon at the apices of a five-boron mutual 
base. Of the three possible structural isomers remaining, chemical argu¬ 
ments favor a structure (Fig. 10) in which the two carbon atoms are non- 



Fig. 10. Ball and stick model of 2,4-dicarbaclovoheptaborane(7), 


adjacent (319). Recently, microwave studies have confirmed this structural 
assignment and, in addition, provided bond distances: B(l)—C(2) = 1.708 ± 
0.05 A; (Bl)—B(3)-1.818 ±0.05 A; B(l)—B( 5 ) = 1.815 ± 0.05 A; 
C(2)—B(3) = 1.546±0.05 A; C(2)—B(6) = 1.563 ± 0.05 A; B(5)—B( 6 ) = 
1.651 ±0.05 A; B—H = 1.20A; C—H = 1.09 ±0.05 A (320).^ 

From H* NMR studies an approximate shielding constant of 1.8 has 
been determined for the 2,4-dicarbaclovoheptaboranyl(7) group bonded at a 
carbon atom (315). 

Thermal decomposition of the appropriate 2,3-dicarbahexaborane(8) 
(Section III,B,1) at about 300°C is, at present, the best laboratory method 
for preparing 2,4-dicarbaclovoheptaborane(7) and its C-alkyl derivatives 
(J75, 319). Neither this pyrolysis reaction, nor the previously mentioned 

^ The bond distances cited are based upon recent microwave studies by the same authors 
on the C^3-labeled material (to be published). 
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7(cps) 


7(cp8) 

B—H 

-1.4 

183-184 (314, 315, 317) 

-2.9 

188 (314, 315) 

C—H 

— 

— 

-4.65 

— 

B(3,5) or B(4,6)—H 

+ 1.6 

174-178 (375. 317) 

-1.82 

178 (375, 377) 

B<4,6) or B(3,5)—H 
C—H 

+ 15.3 

187-195 

-2.87 

— 

B—H 

+ 19.4 

188-189 (377, 379) 

-1.92 

187 (375, 377) 

C—H 

— 

— 

-3.14 

— 

B—H 

+16.3 

185 

-1.83 

184 

C—CHa 

—. 

— 

-1.33 

— 

B—H 

+ 18.6 

186 

-193 

187 

C—H 

— 

— 

-2.87 

— 

C—CHaCHaCHa 

— 

— 

-1.77 

—1,42 and — 0.94 

B(3)—H 

-5.0 

187 (3/9) 

-4.75 

183 (3/5) 

B(S,6) or B(l,7>—H 

-2.0 

170 

-4.00 

171 

B(1.7) or B(4,5)—H 

+ 23.5 

178 

-0.15 

177 

C—H 

— 

— 

-5.50 

— 

B(3>—H 

-5.6 

177 

-4.46 

176 

B(5.6) or B(l,7)—H 

-4.5 

165 

-3.67 

165 

B(l,7) or B(4,5)—H 

+ 19.5 

176 

-0.18 

175 

C—CHa 

— 

— 

-2.02 

— 

B(3)—H 

-5.2 

176 

-5.2 

180 

B(5,6) or B(l,7)—H 

-4.0 

170 

-4.1 

? 

B(l,7) or B(4,5>—H 

+ 21.0 

176 

-0.2 

179 

C—H 

— 

— 

-5.35 

— 

C—CHaCHaCHa 

— 

— 

-2.43 

-1.57 and -0.87 

B(l)—H 

+ 54.0 

179 (375) 

+ 1.13 

181 (375) 

B(4,5.6>—H 

- +3.0 

158 

-3.44 

158 

C—H 

— 

— 

-6.32 

— 

B-H brl dge-B 

c 

c 

+ 2.6 

— 

B(l)—H 

+49.9 

175 (50) 

+ 0.81 

179 (375) 

B(4,5.6)— 

- +3.6 

- 152 

-3.45 

158 

C—H 

— 

— 

-6.16 

— 

C-CHa 

— 

— 

-2.27 

— 

B—Hbridge—B 

c 

c 

-2.3 

“ 


THOMAS ONAK 



C,C'-Dimethyl -2,3 -dicarbahexa- 

30, 319 

-64" to -63° 25°/29.0 

B(l)—H 

+ 47.7 

186 (JO) 

+ 0.92 

178 (319) 

borane(8) 


(322) 

B(4,5,6)— 

~ +5.4 

- 154 

-3.20 

156 




C—CHs 

— 

— 

-2.07 

— 




B nbridge B 

c 

c 

+ 2.4 

— 

C-n-Propyl-2,3-dicarbahexa- 

50, 319 

— — 

B(l)—H 

+ 49.7 

175 (JO) 

+ 0.85 

180 (319) 

borane(8) 



B(4,5,6)— 

-3.3 

156 

-3.37 

157 




C—H 

— 

— 

-6,10 

— 




C-CHaCHaCHj 

— 

— 

-2,43 

-157 and - 0.87 




B H bridge —B 

c 

c 

+ 2,4 

— 

C-Phenyl-2,3-dicarbahexa- 

315 

— — 

B(l)—H 

+ 49.3 

175 

+ 1,08 

182 

borane(8) 



B(4,5,6)—He 

+ 5,1 

~ 150 

-3.05 

168 




C—H 

— 

— 

-5.75 

— 




C—CeHs 

— 

— 

-6,53 

_ 




B-Hbrldge—B 

c 

c 

+ 2.6 

— 

Isop ropenyl -2,3 -dicarbahexa - 

315 

— — 

B(l)—H 

+ 50.6 

175 

+ 0.76 

180 

borane(8) 



B(4,S,6)—He 

+ 3.9 

- 155 

-3.53 

158 




C—H 

— 

— 

-6.27 

— 




C~C(CHa)=CH 2 

— 

— 

-1,93 

-5.06 and -5.38 




B—H bridge —B 

c 

c 

+ 2.2 

— 


^ d, ppm relative to boron triiluoride etherate (188). 

^ d, ppm relative to tetramethylsilane; negative values are to low field. 

« T^e B(4,6)—H doublet and B(5)—H doublet are nearly superimposable. In a reinterpretation of the 2,3-dicarbahexaborane(8) B^^ NMR (323) the low<field region 
consists of a broad doublet B(5)—H which is superimposed on a larger doublet B(4,6)—H with resolved splitting due to coupling to a single bridge hydrogen. The 
Hbridse—B(4,6) coupling constant is 44 cps in 2,3-dicarbahexaborane(8) but not well enough defined in C-phenyl-2,3-dicarbahexaborane(8) and C-isopropenyl-2,3-di~ 


carbahexaborane(8) to be measured. 
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electric discharge reactions, lead to detectable amounts of the other possible 
C 2 B 5 H 7 isomers (e.g., 1,7-; 1,2-; 2,3-). It is interesting to note that the 
favored isomer (2,4-) in these reactions is the one predicted to be the most 
stable on the basis of molecular orbital and resonance considerations {17, 
316), 

The small carboranes (Sections III,A,l-3) and dihydrocarboranes (next 
section) are summarized in Table VII. 

6. Dihydrocarboranes: C264/-/8 and C269/-/13 

1. 2,3-Dtcarbahexaborane{8), 

Pentaborane(9) reacts with alkynes either at elevated temperatures 
(about 160°-210°C) or in the presence of a Lewis base catalyst to give 2,3- 
dicarbahexaborane( 8 ) derivatives (50, 315, 319, 321), 

Lewis base 

B 5 H 9 + R—C=C—R'-» C 2 RR'B 4 H 6 (122) 

or elevated temperatures 

Increasing the number of alkyl groups about the alkyne triple bond enhances 
the reactivity toward pentaborane, and results in increased yields of the 
corresponding 2,3-dicarbahexaborane(8) (315), 

From and NMR (50, 315, 323) and X-ray diffraction studies (5i, 
323a) C 2 B 4 H 8 is assigned a pentagonal bipyramidal structure (Fig. 11) 



Fig. 11. Ball and stick model of 2,3-dicarbahexaborane(8). Bond distances in the C,C'- 
dimethyl derivative: B(l)—C(2) = 1,762 A; B(l)—B(4) = 1.768 A; B(l)—B(5) = 1.705 A; 
C(2)—C(3) = 1.432 A; C(2)—B(6) = 1.520 A; B(4)—B(5) = 1.778 A (51). 

analogous to B^Hjo. In good agreement with the nearly trigonal hybridiz¬ 
ation assigned to the carbon atoms (57), the NMR spectrum of C^^- 
labeled C 2 B 4 H 8 gives a measured ^uc-h of 1^0 cps (575). An “effective 
shielding constant’' of about 1.8 has been determined for the 2,3-dicarba- 
hexaboranyl( 8 ) group bonded at a skeletal carbon atom (575). 

Pyrolysis of C-alkylated 2,3-dicarbahexaborane(8) derivatives at about 
290°’-300° C gives principally C-alkylated 2,4-dicarbaclovoheptaborane(7) 
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derivatives (25-30%), and small amounts (2-5%) of the C-alkylated 1,6- 
dicarbaclovohexaborane( 6 ) compounds (319). The yield of the latter car- 
borane is improved (20-25%) at the expense of the B 5 carborane when 
pyrolysis is carried out in the presence of trimethylamine. The absence of the 
l,5-dicarbaclovopentaborane(5) and l,2-dicarbaclovohexaborane(6) deriv¬ 
atives in these experiments is not surprising, for it has since been established 
that the former carborane decomposes at about 150° C and the latter 
rearranges at 250°C to the more stable trans{\f6-) isomer (315), 

On subjecting C 2 B 4 H 8 to a silent electric discharge all the known small 
carboranes, C 2 B 3 H 5 , 1 , 2 -, and 1 , 6 -C 2 B 4 H 6 , and C 2 B 5 H 7 , are formed in 
yields of about 3-5% (J75). Although this is far from quantitative, it rep¬ 
resents a marked improvement in the synthesis of C 2 B 3 H 5 and 1 , 2 -C 2 B 4 H 6 
over the direct electric discharge of pentaborane-acetylene mixtures ( 0 . 1 - 
0.3% yields) {314, 317), 

2. Dicarbaundecaborane{13)y C 2 B()Hi 2 

Dicarbaundecaborane(13) and its C-methyl and C-phenyl derivatives 
have been obtained by protonation of the corresponding dicarbaundeca- 
borane salts (Section III,C,10). 

(CH3)4N+C2B9Hi 2- + HCl ^ C 2 B 9 H 13 + (CH3)4N+C1- (123) 

This new dihydrocarborane can be titrated as a monoprotic acid with an 
apparent pK^ of 2.95 in 33% (volume) methanol-water. It is suggested that 
the two skeletal carbons are adjacent in the pentagonal face of an icosahedral 
fragment (324). 

Hydrogen is evolved from C 2 B 9 H 13 at temperatures above 100° C to give 
rise to a new carborane C2Bg}iii{324ay b), 

C. Carborane: C2B10H12 

1. Preparation of l,2-Dicarbaclovododecaborane{12) from Alkynes and 
Decaborane 

The interaction of acetylene with decaborane in the presence of a Lewis 
base affords l,2-dicarboclovododecaborane(12) [Eq. (124)] which, unlike 

BioHi4+HC=CH-.C2BioHi2 + 2H2 (124) 

conventional boron hydrides, is comparatively stable toward hydrolysis, air 
oxidation, and heating to at least 400° C (325-329). Alternatively, carborane 
may be prepared viaabis(ligand) derivative of decaborane [Eq. (125)], which 
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is, in all probability, an intermediate in Eq. (124). The generality of the 
reaction has been demonstrated by varying either the Lewis base or the 

B 10 H 12 • L 3 + HfeCH C 3 B 10 H 12 + H 2 + 2L (125) 

acetylenic component (J25, 326^ 330), Lewis bases such as acetonitrile, 
dialkyl sulfides, A^jAT-dimethylacetamide, A^,A^-dimethylaniline, tributyl- 
phosphine, and tetrahydrofuran have been used; however, when triethyl- 
amine is employed, a low yield of carborane is realized. It has been suggested 
{326) that under the conditions of the experiment the [(C 2 H 5 ) 3 N] 2 BioHi 2 
intermediate is converted to the ionic isomer [(C 2 H 5 ) 3 NH] 2 BioHio which, 
presumably, would not lead to carborane. In the absence of a Lewis base no 
reaction occurs between decaborane and acetylenic compounds {326), 
Crude products, the C, B, H analyses of which are reminiscent of carboranes, 
have, however, been found upon subjecting acetylene and decaborane to 
about 250® C and 600 psig in the presence of a cuprous chloride catalyst {331), 

C-substituted and C,C'-disubstituted carborane derivatives are prepared 
from the corresponding substituted acetylenes, RC=CR', where R and R' 
are variously H, alkyl, aryl, haloalkyl, carboalkoxy, or acetoxyalkyl. Lowest 
yields are encountered when both R and R' are alkyl groups (e.g., 2-butyne, 
2-pentyne, 3rhexyne). Acetylenic alcohols and acids decompose the borane 
precursor rather than produce the substituted carborane. Esterification 
of these reactive groups, however, followed by the carboranylation reaction 
leads to satisfactory yields of the esterified carborane derivative (J25, J26, 
330), Although 1,6-heptadiyne can be converted to the biscarboranyl 
propane, certain diacetylenes such as the dibenzoate and the diacetate esters 
of 2,4-hexadiyne-l,6-diol afford the monocarborane as the major product, 
despite the use of excess borane {330), Both C-ethinylcarborane and 
bis(carborane) have been identified as products from a reaction between 
diacetylene and BioHi 2 (CH 3 CN )2 {332), 

2. Structure and Stability 

It has been proposed (J7, JJ6, 318^ 326y 333-336) that the C 2 B 10 H 12 , 
obtained directly from the Lewis-base-catalyzed reaction between alkynes 
and decaborane, has very nearly the icosahedral geometry of the Bi 2 Hi 2 ^~ 
ion {301), The tendency of this carborane to form small C,C'-exocyclic 
rings (J27, 334, 337-340) supports the contention that the two carbons 
are adjacent within the icosahedral framework (Fig. 12, XXX). An X-ray 
diffraction study {341) of the octachloro derivative, C 2 H 2 BioH 2 Clg {342), 
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(XXX) (XXXI) 

Fig. 12. Ball and stick models of l,2-C2BioHi2. Structure (XXXI) is probably in error. 

is in agreement with this structural assignment. The C—C distance 
of 1.68 A in C 2 H 2 B 10 H 2 CI 8 is significantly larger than the distance of 
1.43 A {51) in the C,C'-dimethyl derivative of C 2 B 4 H 8 (Section III,B>1) 
in which the carbon atoms are in a less strongly electron-deficient environ¬ 
ment. In another X-ray diffraction study {343)^ a skeletal C—C distance of 
1.40 A has been reported for l, 2 -bis(bromomethyl)carborane. Furthermore, 
this study suggests an ethylene decaborane type of C 2 B 10 unit (XXXI). 
On the basis of chemical {335^ 339^ 343y 344) and physical {336y 341 y 342y 
344y 344a) evidence, as well as on theoretical grounds {316y 318y 341)y this 
latter work is probably in error. 

The suggested icosahedral (or near icosahedral) arrangement of atoms for 
C 2 B 10 H 12 provides for three isomeric possibilities. Within the framework 
the two carbon atoms can be either adjacent (1,2-; ortho) (XXX) {325y 326y 
342)y intermediate (1,7-; meta) (XXXII, Fig. 13) {335y 336)y or opposite 



(xxxn) 



(XXXIII) 


Fig. 13. Ball and stick models of 1,7- and l,12-C2BioHi2. 
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(1,12- \para) (XXXIII) {345) to each other. Historically, /w^^^i-carborane has 
been called neocarborane and the unmodified term, carborane, has often 
been reserved for the ortho isomer. 

The number of possible geometrical isomers and enantiomorphic pairs 
for derivatives of the three C 2 B 10 H 12 isomers has been determined {345a), 

Based on resonance and molecular orbital considerations (77, 316) 
aromaticlike stability has been predicted for the carboranes. Although 
thermodynamic data are not yet available, there are now a considerable 
number of qualitative indications of high chemical stability. 1,2-Dicarba- 
clovododecaborane(12) is thermally stable up to about 470° C, at which 
temperature it is converted in good yield into the meta isomer, 1,7-dicarba- 
clovododecaborane( 12) (Section III,C,13). The latter compound undergoes 
extensive decomposition at 630°C, but at 615°C small quantities of para- 
carborane (Section III,C, 12) are formed {345). Certain derivatives of 
carborane (JJ4, 338^ 339) survive temperatures up to about 500° C. The 
fact that the carborane nucleus withstands such treatment contrasts with 
the behavior of its precursor, decaborane, which undergoes extensive 
decomposition at about 250° C (346, 347). 

Since acetylenic alcohols and acids decompose decaborane, carboranes 
with “CH 2 OH or -CO 2 H substituents cannot be prepared directly via 
Lewis-base-catalyzed reactions between these alkynes and decaborane (325, 
330). Nevertheless, indirect formation of derivatives in which -CH 2 OH or 
-CO 2 H groups coexist as part of the carborane group (Sections III,C,5,6,7) 
is again evidence of the stability of the carborane nucleus (330, 334). 
Furthermore, 1-isopropenylcarborane, when refluxed in methanol, water, or 
methanol containing hydrochloric acid, is recovered unchanged (326). 
1-Isopropenylcarborane also exhibits a remarkable resistance to hot (150° C) 
100% sulfuric acid from which it can be recrystallized. Moreover, when this 
carborane is treated with alkaline permanganate in acetone, the alkenyl 
group is oxidized but the carborane nucleus remains intact (326, 327). 
Other oxidizing agents such as chromic acid (334, 337), acyl peroxides, or 
hypochlorous acid (327) have very little or no effect on the carborane nucleus. 

Although C 2 B 10 H 12 exhibits a remarkable degree of stability for a boron 
hydride, some chemical degradations have been reported. Degradation of 
carborane in the presence of methanolic potassium hydroxide (324), or by 
hydrazine hydrate (327), gives salts of dicarbaundecaborane (Section III, 
C,10). On the other hand, both hydrazine hydrate and methanolic potas¬ 
sium hydroxide react slowly or not at all with the isomeric neocarborane 
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{335), Basic permanganate completely degrades 1,2-carboranedicarboxylic 
acid to boric acid {327), 

3. Chlorinated Carboranes 

The chlorination of l, 2 -C 2 BioHi 2 with gaseous chlorine occurs in astep- 
wise fashion by adjusting the amount of solvent, the reaction time, and, to a 
lesser degree, the temperature and the use of ultraviolet light. The products 
isolated in experiments conducted for less than 3 hours are compounds 
containing two (two isomers), three, four (two isomers), six, eight, and ten 
chlorine atoms. Ample evidence for fi-chlorination is provided by both 
infrared and B^^ NMR spectral studies {342). Chlorine substitution in the 
octachloro derivative occurs at B atoms (4, 5,7, 8 ,9,10,11,12) but not at the 
B atoms (3,6), which are indicated to be the most positively charged by 
molecular orbital and resonance theories of charge distribution {341), When 
the carborane chlorination reaction is allowed to proceed for periods of time 
greater than 3 hours only one additional hydrogen is replaced, affording 
C 2 HCIB 10 CI 10 {342), Per chlorination can be accomplished by treating 
[(C 2 H 5 ) 3 NH][C 2 C 1 BioC 1 io] (or a corresponding metal salt. Section III,C,4) 
with chlorine, or by a direct substitution of C 2 HCIB 10 CI 10 with A^-chloro- 
succinimide {344). 

Attempts to effect halogen exchange between C 2 H 2 B 10 CI 10 and Swart’s 
mixture (SbF 3 Cl 2 ), or to promote a reaction between C 2 H 2 B 10 H 4 CI 6 or 
C 2 H 2 B 10 H 6 CI 4 (m.p. 350° C) and ammonia or amines have been unsuccess¬ 
ful. These results indicate a rather unusual stability for these chlorine- 
boron bonds. The chlorine atoms, however, are removed at 100° C in a 50% 
aqueous potassium hydroxide-hydrogen peroxide solution {342), Both 
C 2 H 2 B 10 CI 10 and C 2 HCIB 10 CI 10 can be titrated as acids, diprotic and mono- 
protic respectively, in either ethanol or ethanol-water. Octachlorocarborane, 
C 2 H 2 B 10 H 2 CI 8 , acts as a diprotic acid only in ethanol-water, whereas 
carboranes containing six or less chlorine atoms cannot be titrated with 
hydroxide ion in either ethanol or ethanol-water. The acid strength of the 
more highly-chlorinated carboranes is further demonstrated by the forma¬ 
tion of triethylammonium salts with triethylamine {342) 

C 2 H 2 B 10 H 2 CI 8 + 2(C2H5)3N ^ [(C2H5)3NH]2 [C 2 B 10 H 2 CI 8 ] (126) 

C2H2BioC1io + 2(C2H5)3N — [(C2H5)3NH]2[C2BioC1io] (127) 

C2HC1BioC1io + (C2H5)3N -> [(C2H6)3NH][C2C1BioC1io] (128) 

The direct chlorination of neocarborane (Section III,C,13) gives neo- 
C 2 H 2 B 10 CI 10 as the ultimate product. As with or^Ao-carborane only B 
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substitution occurs, as indicated by the absence of B—H doublets in the 
B” NMR (JJ6, 344), Conversion of the decachloroneocarborane (XXXIV) 
to the metal or ammonium salt, and subsequent reaction with gaseous 
chlorine affords neo-C 2 BioCli 2 (XXXV). Consistent with the observed 
transformation of l,2-C2BioHi2 into neo-C 2 BioHi 2 (Section III,C,2, and 
12 ), the perchlorinated counterpart exhibits an analogous rearrangement at 
elevated temperatures (344), 


C2B,*H,2 C2HC1B,*C1,o [(C2H5)3NH] [C2C1B,oC1,o] C2B,oC1,2 


I 470° C 

neo-HCB,oH,oCH HCB,oCli*CH LiCB,oCl,oCLi 


I 

neo-ClCB iqOI i oCCl 


(XXXIV) (XXV) 

4. Metallation of Carboranes: Substitution on Carbon 
The weakly acidic C-hydrogens of carborane react with alkali metal 
alkyls or amides to produce monosubstituted and disubstituted derivatives 
[Eqs. (130), (134), and (136)] which in turn undergo many of the reactions 
common to organometallics {327,334,337,338,340,348,349,349a, 349b). 


HC-;::—CH + n-C.H.Li 

\o/ 

BfoHio 


RBr 


HC--5:^CLi 


\o/ 


+ C.H,: 



BioHio 
HC——CR 
BioHio 


\o/ 

'TJ' U 


BioHi, 


VoH.o 


(130) 


(131) 


(132) 


(133) 


HC 


CH, 

I 


\o/ 


C—C=CH2 + n-C4H,Li 


LiC 


^BioHio 


\o/ 


CHj 

I 

C—C=CH2 


^BioH.o 


(134) 
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CH, CH 3 

I 1 CO I 

C—C -CHi ! HO 2 C—C —- C— C=CH 2 


\o/ 

B10 H10 


2 . HO 


\o/ 

B.oH.o 


(135) 


HC -;=^ CH + 2n-C4H,Lj 

\o/ 

B|oHio 


UC~p^CLi + 2C4H,o 


(136) 


2H2C —CHi 
\ / 

LiC^=:^CLi -^-► H0(CH2)2C-^C(CH2)20H 


\o/ 

BloH to 


\o/ 


BioH 10 


(137) 


OH OH 

LiC^^CU CHjCHC-=-CCHCH, 


\Q/ 


B.oH, 


\o/ 


B|oH|o 


(138) 


Cl Cl 

Lie CLi BC.Hi)Pa,^ C«H;rc <[pC«Hs 


\o/ 

' ' 1 1 


B.oH, 


\Q/ 


B oH, 


(139) 


Carboranyl Grignards are prepared using standard procedures [Eqs. (140) 
and (141)], as well as from a rather interesting rearrangement of 1-carboranyl- 
methylmagnesium bromide [Eq. (142)] {327,334). 


CH,C -^CBt 

\o/ 

BjoHio 


Mg 


CHC-=—CH - C.H.MifBr 

V/ 

B|oHio 


BrMgCHjC—— CH 
BioH|o 


rearrangemrnt 


CHjC y=:- CMgBr 
^B.oH.o 


(140) 


(141) 


( 142 ) 
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The carboranyl Grignards do not appear to be as generally useful as the 
lithium derivatives in that they do not react with aldehydes or ketones {334), 
However, reported reactions with bromine, allyl bromide, or water proceed 
as might be expected (J27, 334). 


CHjC-—CMgBr 


Br2 




CH 3 C-=^ CBr 

\o/ 

BioHio 


(143) 


CH3C-;=^CMKBr 

BioHio 


CHa -CHCH2Br 


CH 3 C CCH 2 CH=CH 2 

\ 9 / 

BioHio 


(144) 


CH3C^CMgBr 

^B.'oHio 


HaO 



(145) 


5. Reactions of Alkenylcarboranes: Formation of Epoxides and Diols 

Although alkenylcarboranes exhibit the usual olefinic behavior toward 
catalytic hydrogenation and toward potassium permanganate oxidation, they 
are quite unreactive to cationic reagents, particularly when the carborane 
polyhedron and the double bond are separated by a decreasing number of 
methylene groups (J26, 327). Thus bromine adds to the olefinic bond in 
4-(l-carboranyl)-!-butene (XXXVI) but does not add to l-allyl-2-methyl- 
carborane, nor to 1-vinylcarborane. The carborane nucleus also inhibits 
reactions of neighboring olefinic substituents with hydrogen peroxide, 
peracetic acid, hypochlorous acid, and iodine monobromide in glacial acetic 
acid. 1-Isopropenyl-, 1-allyl-, and 1-butenylcarboranes, however, are 
attacked by trifluoroperacetic acid. Stable epoxides are obtained from iso- 
propenyl- {327) and allylcarborane {334)y whereas this peracid converts 
4-(l-carboranyl)-!-butene to a glycol trifluoroacetate {327). This difference 
is attributed to the deactivating influence of the neighboring carboranyl 
polyhedron on acid-catalyzed ring opening. The epoxide (XXXVII) of the 
butenylcarborane is obtained from the action of the peracid under alkaline 
conditions. 

HCCCH 2 CH 2 CH=CH 2 HC-;=^ CCH 2 CH 2 CH-CH 2 (146) 

\0/ \0/ ^ 0 / 

B|oHio B|oHio 


(XXXVI) 


(XXXVII) 
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Interestingly, two isomers of y-dihydroxypropyl)carborane are 

obtained from 1-allylcarborane depending on the preparative conditions 
{334). Isomer A (m.p. 88°-89® C) is obtained from epoxidation followed by 
ring opening with refluxing 5% sulfuric acid, whereas isomer B (m.p. 93° C, 
mixed melting point with A, 65°-80°C), is formed by hydrolysis of the 
hydroxyformal compound. Although a stereoisomeric possibility is sug¬ 
gested {334) no specific geometry has been proposed. 

6 . Carboxylic Acids and Acid Derivatives 

Carboranedicarboxylic acid (XXXVIII) and 1-alkyl (or alkenyl)car- 
borane-2-carboxylic acids are most satisfactorily prepared by carbonation 
of the corresponding lithio- or sodiocarborane (Section III, C, 4) (J27, JJ4, 
JJ7, 349). In an attempt to prepare carboranecarboxylic acid by carbonation 
of lithiocarborane the major acid obtained is carboranedicarboxylic acid 
{334). A lithium exchange [Eq. (148)] has been proposed which takes into 
account the influence of the carboxyl group. 



+ ?i-C4H9Li 


BioHio 


COi 


HC-7=^CCOOLi 

\ 0 / 

( 147 ) 



(XXXVIII) (148) 


In contrast, lithiocarborane reacts with a variety of halides to give mono- 
substituted carboranes. Carboranecarboxylic acid is obtained by acid 
hydrolysis of methyl carborane-l-carboxylate (JJ4), which in turn can be 
directly prepared from decaborane (Section III, C, 1). In comparison, 
dimethyl 1,2-carboranedicarboxylate cannot be hydrolyzed to the diacid 
with acidic reagents; and in the presence of aqueous base, hydrolysis occurs 
only with difficulty and in poor yield, affording the salt of the diacid 
(XXXVIII) {327). Furthermore, the diester can neither be transesterified 
nor converted to the diamide via ammonolysis {334). In general, the diacid 
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and its derivatives exhibit a greater resistance toward nucleophilic reagents 
than do the monoacid and its derivatives (J27, 334 ^ 349 ). Whereas the mono¬ 
acid is converted to the acid chloride, and to the amide and ester by com¬ 
monly accepted procedures, the diacid resists similar conversions. The 
diacid readily forms a diammonium salt, but attempts to convert the salt to 
the diamide have been unsuccessful. The anhydride (XXXIX), rather than 
the diacid dichloride, is obtained by treating the diacid with either thionyl 
chloride or phosphorus pentachloride. However, the diacid dichloride (XL) 
can be prepared either by refluxing the anhydride with phosphoryl chloride 
in a chlorine atmosphere (JJ4), or directly from the diacid by combining the 
above steps. 


HOOCC CCOOH + 2PCI3 + CI2 

\o/ 

BioHio 


CIOCC -7^ CCOCl + 2POCI3 + 2 HCI 

\ 0 / 

B,oH,o 




(XXXIX) 


( 149 ) 


Alternatively, carborane acid chlorides can be prepared from the reaction 
between lithiocarboranes and phosgene ( 337 ). 


CCH2OCH2C “7*;^ CLi CIOCC CCHj—O—CH2—c CCOCl 


LiC CCH2OCH2C C 

\ 9 /. 'O: 


BiqH 


io”»o 


BiqHio 


\ 0 / 


B|oH|o 


\ 9 / 


B.oH, 


( 150 ) 


The diacid dichloride (XL) reacts with alcohols to give the diester, which 
hydrolyzes to the diacid, but in reactions with ammonia or amines no 
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product has been obtained corresponding to the amide. An unstable di¬ 
isocyanate (XLI), characterized by its conversion to carborane-1, 2-bis- 
(methylurethane) (XLII), is formed by the action of lithium azide on (XL) 
{ 334 ). 


C,H. 


CIOCCCCOCl + 2LiNj ->■ OCNC-sii-CNCO + ZNj 

\0/ \o/ 

BioH|o BioHio 


(151) 


(XL) 


CHsOH^ 


(XLI) 

O O 

II II 

CHjOCNHC CNHCOCHj 

\ 0 / 

BioHjo 


(152) 


(XLII) 


l,2-Bis(carboxymethyl)carborane (XLIII), prepared in good yield by 
chromic anhydride oxidation of l,2-bis(^-hydroxyethyl)carborane (Section 
III, C, 7), undergoes most of the conversions expected of a normal dicarb- 
oxylic acid. 



3 


(153) 


A cyclic ketone (XLIV), consistent with Blanc’s rule, is formed by heating a 
mixture of l,2-bis(carboxymethyl)carborane (XLIII) and barium carbonate 
under vacuum { 334 ). 
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HOOCC„.C^C„.00„ 


H 2 C' 


.c=o 

^CH2 



C 02 + H 20 


(XLIV) 


( 154 ) 


The ether diacid (XLV) on heating to 250°-270'^ C is converted to the lactone 
of l-hydroxymethyl-2-carboranecarboxylic acid (XLVI) (337). The latter 
compound can be recovered from the lactone after base hydrolysis and sub¬ 
sequent acidification. 


250°-270° 

(H02CC-;;=^CCH2)20 -► 2 H2C"^ C=0 


\o/ 


(XLV) 


V/ 

B,oH.o 

(XLVI) 


( 155 ) 


The apparent resistance of some carborane carboxylic esters to saponific¬ 
ation {334y 327) may be explained by their readiness to undergo a competitive 
base-catalyzed decarboxylation (350), 


C2H5OOCC CCOOC2H5 + C2H5OH 


C2H50Na 

20-^ 


H—C—C—H + (C2H50)2C0 
^B,{hio (156) 


The pathway for this reaction probably involves formation of an inter¬ 
mediate carborane anion. 


o\ 

+ C2H,0- - HC—C-LC( 0 C 2 H 5)2 


f?- 


\9/ 


■BJoHio 


\9/ 


BfoH, 


(157) 


CiHjOH 

C2H5O- + hC-^-CH - H-C^;=^C“ + (C2H50)2C0 


'BloH, 


\ 9 : 


BioHi 
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Another example of carbon-carbon bond cleavage is to be found in the 
reduction of the diethylamide of carboranecarboxylic acid (XLVII) with 
lithium aluminum hydride. 


HC CH + (C2H,)2NH (158) 

\0/ 

BiqHjo B|oH|o 

(XLVII) 

The diethylamide of carboraneacetic acid, on the other hand, is reduced in 
a normal fashion by lithium aluminum hydride to (/3-carboranylethyl)di- 
ethylamine {350), 


HC-?=^CCON(C2H02 


7. Haloalkyls, Alcohols^ Ethers 

The Grignard derivative of 1-bromomethylcarborane enters into many 
of the standard reactions, e.g., hydrolysis to produce 1-methylcarborane 
{327y 330y 334) \ condensations with ketones {330) and aldehydes (although 
somewhat sluggish) {334)\ and displacement reactions with allyl halides, 
{327y 330)y and epoxides {327), Occasionally, the Grignard derivative gives 
reactions expected for l-methyl-2-carboranylmagnesium bromide (J27, 
334)y which suggests that a rearrangement has occurred [Eq. (142)]. 

Displacement of the halogen atom in 1-bromomethylcarborane occurs 
with difficulty or not at all on treatment with nucleophilic reagents such as 
iodide ion, sodium diethylmalonate, triethylamine, or hexamethylenetetra- 

O O 

11 , . II 

B,oH,4+ HC^C(CH2)nCH20CCH3 HC^^^C(CH2)nCH20CCH3 

BioHio I 


LiAlHj or 

HC ^ C(CH2)„CH20H <oH orH-.CHsO H 


(159) 


(LiC”^0CH2)20 + 2CH2-CH 2 


\Q/ 


"O 




BjoHio 


(H0CH2CH2C-^CCH2)20 

\j/ (160) 

B 1 oH 1 0 
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mine {327^ 334), The latter reagent forms a B—N adduct with the l-bromo- 
ethylcarborane rather than a quaternary salt {327), 

The use of formaldehyde as the carbonyl reagent fails to produce the 
expected l,2-bis(hydroxymethyl)carborane from dilithiocarborane {334), 
It has since been found, however, that formaldehyde readily reacts with this 
hydroxymethylcarborane to form a cyclic formal (XLVIII) {351), 


/CH 

o o 

I I 

H0CH2C^=^CCH20H + CH20 ->■ H 2 C CH 2 (161) 

\0/ Wc^ 

BioHjo 

B10^10 

(XLVIII) 


Chromic acid oxidation of bis(/3-hydroxyethyl)carborane proceeds readily, 
and in good yield, affording the corresponding acid (XLIX) {334^ 337), 


(H0CH2CH2C-?=;-CCH2)20+K2Cr207 


\Q/ 


B,oH| 


(H02CCH2C7=^CCH2)20 

\ 0 / 

BioH|o 

(XLIX) 


( 162 ) 


In what appears to be an oxidation followed by a decarboxylation step, 
the action of aqueous alkaline permanganate on l,2-bis(hydroxymethyl)car- 
borane (or its diester) provides a convenient route to the parent carborane 
{327). 


3 H 0 CH 2 C-;^CCH 2 0 H + 4 K 0 H + 8KMn04 -)■ 3 HC^=^CH + 8MnO2 + 6K2CO3 + 8 H 20 

\ 0 / \ 0 / 

BioH.o 


(163) 


As might be expected, the acetates of a number of hydroxyalkylcarboranes 
undergo elimination reactions at temperatures of 500° C and above, as 
illustrated by Eqs. (164) and (165) {334), 

A cyclic ether, l,2“(2'-oxapropylene)carborane (L), is formed by the 
action of hot, concentrated sulfuric acid on l,2-bis(hydroxymethyl)car- 
borane (527, 334), 
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500" C 


(HC CCH2)2CH00CCH3-> HC CCH2CH--CHC CH + CH3COOH 

\ 0 / \ 0 / 

Bio Hio B|oHio 


\o/ 

B,oH,o (164) 



HC -=^ CCH=CH2 + CH ,COOH 

\o/ 

BioH.o (165) 


BioHto 


This cyclic ether resists ring opening with Friedel-Crafts type catalysts 
which are generally useful in opening tetrahydrofuran rings. Halogenation 
with bromine in sunlight and in the presence of benzoyl peroxide gives a 


HOCH 


iC-^^CCHiOH 

\o/ 

B,oH,o 


H 2 SO 4 


H 2 C 




CH, 



(L) 


(166) 


monobromo derivative in which the bromine atom is attached to a boron 
rather than a carbon atom (334). 

8. Silyl Carboranes 

Chlorosilylcarboranes can be prepared by treating dilithiocarboranes 
with R 2 SiCl 2 where R is an alkyl or aryl group. Corresponding tetrachloro 
and hexachloro derivatives can be made using RSiCl 3 or SiCU {338), 


LiC -:=^CLi +2R,SiCl4-z —► RzClj-xSiC—- CSi(R):r(Cl)3^x +2LiCl (167) 

\9/„ Vh 

BioHio oioHio 

R = alkyl, aryl 

x = 0, 1, 2 


The above silyl carboranes interact further with dilithiocarborane to form 
products having a six-membered ring incorporating two carborane nuclei. 
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BioH 10 

/o\ 

/ \ 

(CHj)iCl2-xSi ^Si(CHj)iCl2-i 

\Q/ 

B,oH,o 


(168) 


Compound (LI), upon ammonolysis and hydrolysis, yields the exocyclic 
tetramethyldisilylcarboranyl azane and oxane (LII), respectively {338,339). 


H.O 

(CH3)2ClSiC-=^CSi(CH3)2Cl -► (CH3)2Si Si(CH3)2 (168) 


\o/ 

B.oHio 


\Q/ 


B|oH 10 


(LI) 


(LII) 


A cleavage of the carboranyl carbon-silicon bond is observed for the latter 
compound when subjected to a variety of organic and inorganic bases {339). 


NaHCO, 

(CH3)2Si Si(CH3) —H—C 

\ / HaO 

c 


\Q/ 


BioHio 


C—Si(CH3)20Si(CH3)20H (170) 


BioHj 


In contrast to the carboxylation reaction of lithiocarborane (Section III, 
C, 6), monosilyl derivatives are prepared with little difficulty [Eqs. (171) and 
(172)] {334). 


(CH3)3SiCl + LiC CH 


(CH3)3SiC -p=:rCH 

\ 9 /„ 

bioMio 


(171) 


(CH3)2SiCl2 + 2LiC 7=^CH 
^b(oH,o 



(LIII) 


(172) 
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The dilithio derivative of (LIII) reacts with excess of dichlorotetra- 
methylsiloxane to give (LIV), the first example of two carborane nuclei 
involved in an eight-membered ring (JJ9). 


BiqHio 

A- 




H,C 


\ 


\ 


Si 


O 


H.,C 


/ 


■'a 

B.oH.o 


-Si 




■(CH.O2 


(LIV) 


9. Phosphinocarboranes 

One molar equivalent of dilithiocarborane reacts with two molar equi¬ 
valents of either (C 6 H 5 ) 2 PC 1 or C 6 H 5 PCI 2 to form the disubstituted car¬ 
boranes, C 2 [P(C eH 5 ) 2 ] 2 B 1 oH 10 and C 2 (C 5 PCI) 2 B 1 qH 10 , respectively. The 
latter compound l,2-bis(chlorophenylphosphino)carborane (LV), reacts 
further with another equivalent of dilithiocarborane to produce a compound 
(LVI) having two phosphorus atoms and two carborane nuclei in a six- 
membered ring. 



(LV) (LVI) 

A similar ring structure is assigned to the product (C 2 PClBioHio) 2 » obtained 
by mixing equimolar amounts of Li 2 C 2 BioHio and PCI3. 

Treatment of (LV) with sodium azide in ethanol at 0® C gave a bis(azide), 
C 2 (C 6 H 5 PN 3 ) 2 BioHio. A cyclic diphospha(III)azane (LVII) was recovered 
after an attempt at ammonolysis. 
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Cl Cl 

CtHsPC-pz^CPCtH, CjHjP 


H 

^Ns 


U,. 


^C-p=;rC'^ 

\0/ 

BioHto 

(I.Vll) 


PC»H, 


( 174 ) 


The bis(azide) (LVIII) of the cyclic (C 2 PClBioH,o )2 forms a phosphine- 
imino derivative (LIX) with triphenylphosphine (340). 



(LVIII) 


B.oH, 


/ 

(C*H5)3P=NP 


/"lU* 

/O' 

C-^( 

C^^C 


PN=:P(C6H5)3 (175) 


BioHio 

(LIX) 


10. Conversion to Dicarbaundecaborane Salts 

Both strong caustic solutions (324) [Eq. (176)] and hydrazine hydrate (327) 
degrade l,2-dicarbaclovodecaborane(12) and its C-alkyl derivatives to 
water-soluble salts of dicarbaundecaboranes. The salts may also be prepared 

C2B,oH,2 + CH 30 ~ + 2CH30H -> C2B9Hr2+B(OCH3)3 + H2 (176) 


by the hydrolysis of 1:2 carborane-sodium adducts {326^ 335). 
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NHs 


Na2(RC2B,oH,,)xNH3 


H2O 


Na+RC2B9Hn 


(177) 


Acidification of the salt with hydrogen chloride produces dicarbaunde- 
caborane( 13) (Section III, B, 2). The degradation of C-phenylcarborane with 
hydroxide ion in 50% aqueous ethanol is first order in both hydroxide ion 
and carborane with a second-order rate constant of 1.48 ± 0.03 x 10”"^ liter 
mole~^ sec“^ A similar reaction of deuterium-labeled C-phenylcarborane 
indicates that the 8, 9, 10, and 12 positions of the carborane icosahedron 
(XXX) are not involved in the degradation reaction. Since position isomers 
of the product are not observed, removal of boron atoms in position 3 or 6 
is favored (324). A thermal rearrangement of the C-phenyldicarbaunde- 
caborate(12) derived from C-phenyl-o-dicarbaclovododecaborane(12) to 
an isomeric ion prepared directly from the basic degradation of C-phenyl-w- 
dicarbaclovododecaborane(12) has been recently observed {324b). 

Refluxing methanolic potassium hydroxide does not attack neocarborane 
(XXXII); and hydrazine hydrate reacts only very slowly with C-methyl- 
neocarborane, giving a poor yield of water-soluble salt which has not been 
characterized {335). 


11. Carborane Polymers 

Polyesters of 2000-20,000 molecular weight are prepared by allowing 
carborane diols and carborane diacids to react with each other or with organic 
or fluorocarbon diacids and diols. 


HOCH2C CCH2OH + HOOC(CH2)xCOOH 


■> 


nH 


,0+ 


OCH,<^CCH,OOC<CH..Ca 


n 


(178) 


Polymers incorporating carboranyl units are also obtained from the reaction 
between bis(2-hydroxyethyl-l-carboranylmethyl)ether and formaldehyde 
[Eq. (179)] and from the homopolymerization of carboranylmethylacrylate 
{351). Other carborane polymers and oligomers have been reported utilizing 
silyl {351) and phosphinocarborane {340). 
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(H0CH2CH2C-p=;:-CCH2)20 + CH20 


1^—CH 2 CH 2 C -^CCH20CH2C -p:;- CCH 2 CH 2 OCH 2 O—J „ 
BioHjo BjoHio 


( 179 ) 


12. Carborane Rearrangements 

It has been proposed from bonding principles and molecular orbital 
theory (J09, 311y 316) that l,7-C2BioHi2 (XXXII) should be more stable 
than 1,2-C2 BioHi2 (XXX). The observed rearrangement of carborane 
{ortho) to neocarborane (meta) at approximately 470° C {335y 336) is in 
accord with this prediction. A cube-octahedral intermediate has been 
suggested for the mechanism of such a rearrangement {318, 352)» A con¬ 
sequence of this mechanism is that a further conversion through a cube 
octahedron to the para isomer is not possible. However, para isomer 
(XXXIII) has recently been obtained in low yield from the pyrolysis of 
neocarborane {345) at 600° C. A cube-octahedral mechanism may still be 
in operation if, in addition, one of the triangular faces is allowed to rotate 
120 ° at the higher temperature. 

A conversion of neocarborane to carborane occurs via acid hydrolysis of a 
1:1 sodium-neocarborane adduct {335). Although a reversal in the ortho to 
meta transformation is not expected for the neutral C 2 B 10 H 12 isomers, an 
equilibrium situation is, perhaps, more accessible in the corresponding 
ions {318). A kinetically controlled hydrolysis of the ion may then favor the 
ortho isomer of C 2 B 10 H 12 . 

From the geometry of neocarborane one would not expect the meta 
carbons to participate in a small exocyclic ring, and thus far, no such examples 
have been reported. Participation of the ortho isomer, l,2-C2BioHi2, in five 
and six-membered rings is well established {327, 334, 337-340). Although 
the carbon atoms in the icosahedron should, upon heating, show a tendency 
to rearrange to the neocarborane structure, the exocyclic derivatives should 
resist such a rearrangement. Generally, such exocyclic 1,2-carboranes are 
stable up to 500°-600° C at which temperature severe decomposition occurs 
{339). On the other hand, 1,2-carborane derivatives with no such restrictive 
attachments are easily rearranged when subjected to “normal’^ rearrange¬ 
ment conditions (section III, C, 3) {335). 
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13. Neocarborane: IJ-Dicarbaclovododecaborane 
As with carborane, neocarborane undergoes facile stepwise metallation 
with lithium alkyls to give the synthetically useful C-lithio- and C,C'- 
dilithloneocarboranes. 

neo-HCBioHioCH + C4H9Li neo-HCBioHioCLi + C4Hio (180) 

neo-HCBioHioCH + 2C4H9Li neo-LiCBioHioCLi + 2C4Hio (181) 

Carbonation of the dilithio derivative followed by acid hydrolysis gives 
C,C'-neocarboranedicarboxylic acid. Unlike carboranedicarboxylic acid 
(Section III, C, 6), neocarboranedicarboxylic acid readily undergoes acid- 
catalyzed esterification, Methylation and subsequent carbonation of an 
intermediate lithium derivative gives the expected C-methyl-C'-neocar- 
borane carboxylic acid (LX) (pK^ 3.14; cf. l-methyl-2-carboranecarboxylic 
acid, pKa 2.74). 


neo.LiCB,oH,oCH-^^LL>neo-CHjCB,oH,oCH^^i^i^neo-CH3CB,oH,oCLi 


neo-CHjCBioHioCCOjH 


(L.X) (182) 

C,C'-Bis(hydroxymethyl)neocarborane (LXI), prepared from the inter¬ 
action of paraformaldehyde and dilithioneocarborane, is oxidized by aqueous 
alkaline potassium permanganate to the parent neocarborane {335), 

(CHaO)n KMn04 

neo-LiCBioHioCLi- > neo“HOCH2CBioHioCCH20H->■ 

OH- 

neo-HCBioHioCH 

(LXI) 

Ammonolysis of the diacid chloride, obtained from the treatment of 
C,C'-neocarboranecarboxylic acid with phosphorus pentachloride, gives 
the diacid amide. Pyrolysis of the latter compound does not result in the 
formation of a cyclic imide, as is observed in the corresponding 1, 2 -C 2 B i qH 12 
derivative (Section III, C, 6) {335), A number of silyl derivatives have been 
prepared from dilithioneocarborane, and again, in contrast to the isomeric 
silylcarboranes (Section III, C, 8), they do not tend to form exocyclic 
derivatives {353), These observations are consistent with the 1,7-arrange¬ 
ment of the carbons in the neocarborane icosahedron. 
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The chlorinated derivatives of neocarborane are discussed in Section III, 
C, 3. 

14. Nuclear Magnetic Resonance 

The B ^ ^ NMR spectra have provided a useful physical method for expedi¬ 
tious structural studies on the isomeric carboranes. Theoretical spectra have 
been deduced for the geometrical isomers of the icosahedral C 2 H 2 B 10 H 10 
(Fig. 14) by grouping the boron atoms on the basis of their affiliation with 



one or both of the carbon atoms (336), The spectrum of thtpara isomer (1,12) 
should consist of only one doublet (H coupled to B), for all of the boron atoms 
are geometrically equivalent. The low-melting isomer (m.p. 259'^-261°C) 
{345) satisfies this requirement. The meta isomer (1,7) has ‘‘three” (336) 
kinds of boron atoms, two of them (2,3) are affiliated with both carbons, six 
of them with only one carbon, and the remaining two (9,10) have no carbon 
in their immediate environment. On this basis the spectrum should display 
three doublets, with an intensity ratio of 2:6;2. This pattern has been 



Carboranes 


337 


observed for neocarborane (m.p. 272°-273°C) which is thus assigned the 
meta configuration. For the ortho isomer there are two boron atoms (3,6) 
affiliated with both carbon atoms, four (4, 5, 7, 11) are adjacent to one or the 
other carbon, and four (8,9,10,12) have only boron atoms in their immediate 
environment. The observed spectrum for the remaining isomer (m.p. 
294°-296°C) obtained from the alkyne-decaborane reaction (Section III, 
C, 1), consists of two doublets with an area of 2:8. This requires coincidental 
overlap of the doublets expected for boron atoms 4, 5, 7, 8, 9, 10, 11, 12. 
Since the boron resonances are not extremely sharp this coincidence is not 
particularly disturbing (JJ6). 

On closer examination of the ortho and meta isomers of the icosahedral 
dicarbaclovododecaborane it is, to some degree, fortuitous that the correct 
structural assignments are made on the basis of NMR. Geometrically, 
there are four groups of boron atoms for both isomers in a ratio 2:4:2:2. 
The groups are: (1) for the ortho isomer, (a) boron atoms 3, 6; (b) 4,5,7,11; 
(c) 8,10; (d) 9,12; and (2) for the meta isomer, (a) boron atoms 2,3; (b) 
4,6,8,11; (c) 5,12; and (d) 9,10. By invoking the proper coincidental over¬ 
lapping it is possible to predict that either isomer, ortho or meta^ could give 
either of the observed resonance intensity ratios [i.e., 2:6:2 or 2:8 (JJ6, 342 )], 
In highly delocalized systems, such as the carboranes, long-range chemical 
shift effects are not to be discounted. Such long-range effects could, but 
apparently do not, refute assignments based primarily upon the number of 
directly attached or neighboring carbon atoms. Recently, a B^* NMR 
spectrum at 60 Me has been taken and reveals all four sets of doublets for the 
ortho isomer of C2BioH,2 {353a). 

Only a very limited number of NMR spectra of carborane derivatives 
have been reported {339y 342). 

15. Electron-Withdrawing Characteristics of the Carborane Nucleus 

A correlation of the Si—O—Si infrared band in an exocyclic carboranyl- 
siloxane with other substituted siloxanes indicates a Taft polar-substituent 
constant, a* of about 3.0-3.5 for the l,2-dicarbaclovododecaborane(12) 
group {354). This places the electron-withdrawing character of the car- 
boranyl group in the vicinity of other strong electron-withdrawing groups, 
e.g., -Cl, -F, and -CN with a* values of 2.94, 3.08, and 3.64, respectively. 
Acid strengths for l-methyl-2-carboranecarboxylic acid, pKa = 2.8 {335y 
355)y and l-methyl-7-neocarboranecarboxylic acid, pK^ = 3.1 {335) are in 
qualitative agreement with this assignment. Some chemical evidence is 
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C2B10H12 Derivatives 


Physical properties 



Compound 

References 

M.p. ro 

B.p. (°C/inm) 

Other 



1,2-‘Dicarbaclovododecaborane Derivatives 





R— 

\C 

!^C—R' 





\ 

0 

X 



R 

R' 





H 

H 

325 

320° 

__ 

IR (335, 340, 342) 



326 

285°-287° 

— 

Bii NMR (336, 342) 



345 

294°-296° 

— 

MS (335) 



327 

287°-288° 

— 

— 



343 

294° 

— 

— 

H 

CH 3 

325 

114M1S° 

— 

— 



326 

214°-215° 

— 

— 



330 

214°-217° 

— 

— 



327 

218°-219° 

— 

— 

H 

CH 2 CH 3 

330 

— 

7S°-80°/0.S 

— 

H 

CH 2 CH 2 CH 3 

330 

68°-69° 

— 

— 



325 

62° 

— 

— 

H 

CH(CH3)2 

326 

-4° 

100°/4 

nS 1.5395 


df 0.926 
IR, UV 
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sssss s sas a a aaa 


CH2(CH2)2CH3 

325 

— 

75°/0.1 

tlS 1.5301 

CH2(CH2)4CH3 

330 

— 

101°-102°/0.5 

1.5211 (330) 

CH2CH2CH(CH3)2 

325 

325 

33° 

101°-102°/0.5 


CeHs 

325 

66°-67° 

— 

— 


330 

69.5°-70° 

— 

— 

CH=CH 2 

330 

76°-77° 

75°-77°/0.5 

— 


325 

78°-79° 

75°^0°/0.5 

— 


334 

76°-77° 

— 

— 

C(CH3)=CH2 

325 

45°-^° 

— 

— 


326 

46.7°-47-7° 

50°/1.6 

df 0.942 

CH 2 CH=CH 2 

334 

63°-65° 


nS 1.5432, UV, IR 

CH 2 CH 2 CH=CH 2 

327 

45°^6° 

99°-101°/0.2 

— 

C=CH 

332 

75°-78° 

—■ 

— 


326 

— 

96°-100°/0.3 

IR, 1.5483 

CH 3 

CH 2 —CH—^CHz 

334 

68° 

— 

— 

CHzCHjCH^-^CHz 

327 

60°-62° 

132°-~135°/0.4 

— 

CH 20 H 

330 

220°-222° 

— 

_ 


334 

225° 

— 

— 

CH 2 CI 

330 

83°-85° 

— 

— 

CH 2 Br 

326 

470^90 

— 

— 


325 

30° 

— 

— 
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Physical properties 



Compound 

References 

M.p. rc) 

B.p. (°C/mm) 

Other 

H 

CH 2 CH 2 CI 

330 

S0^-S2° 

__ 

_ 

H 

CH2CH2Br 

330 


— 

— 

H 

CH 2 CH 2 CH 2 CI 

330 

53^-55*^ 

— 

— 

H 

CH2CH2CH(0H)CH2C1 

327 

— 

135°-145°/0.1 

— 

H 

CH2CH(0H)CH20H 

334 

89°-90° 

— 

— 


(2 forms) 





H 

COOH 

334 

150° 

— 

— 



348 

150°-150.5° 

— 

— 

H 

COOCH 3 

325 

73° 

— 

— 

H 

COOC 2 H 5 

350 

61°-62° 

— 

— 

H 

CONHCeHa 

334 

132°-133° 

— 

— 

H 

C0N(C2H6)2 

350 

109° 

— 

— 

H 

CH2C0N(C2H5)2 

350 

82°--83° 

— 

— 

H 

CH 2 CH 2 CODH 

350 

147°-149° 

— 

— 

H 

( ?)CH2CH(C02H)2 

327 

146°-147° 

— 

— 

H 

CH2CH(C02CH2CH3)2 

330 

— 

144°-148°/0.2 

— 

H 

CH2C(CH3)(C02CH2CH3)2 

330 

— 

164°/0.5 

1.5131 

H 

CH2N(C2H5)2 

325 

33°-35° 

— 

— 

H 

CH2CH2N(C2H5)2 

350 

46.5°^8° 

— 

— 

H 

CH 200 CCH 3 

325 

42°^3° 

82°-84°/0.2 

— 



330 

48°^8.5° 

110°/0.5 

— 

H 

CH(CH3)00CCH3 

325 

— 

85°-95°/0.2 

nS 1.5291 

H 

CH200CCH=CH2 

330 

— 

98°-100°/0.2 

nS 1.5390 

H 

CH 2 CH 200 CCH 3 

325 

61°-63° 

146°/1.6 

— 
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H 

CH2CH(CH200CCH3)2 

330 

H 

I 

327 

H 

Si(CH3)3 

334 

H 

Si(C6H5)3 

334 

H 

CH2Si(CH3)3 

334 

H 

Si(CH3)20Si(CH3)20H 

339 

CHs 

CH2CH=CH3 

327 

CHa 

CHaBr 

330 

CHa 

COOH 

335 



348 

CH(CH3)2 

COOH 

348 

C 4 H 9 

COOH 

348 

CH 2 OH 

CH 2 OH 

330 



334 

CH 2 OH 

C^C—CHaOH 

330 

CH 2 OH 

COOH 

337 

CH 2 CI 

CH 2 CI 

330 



343 



325 

CHaBr 

CH2Br 

326 



343 

COOH 

COOH 

334 



348 



327 

COOH 

CH=CH2 

348 

COOH 

C(CH3)=CH2 

334 

COCl 

COCl 

334 

COOCH 3 

COOCH 3 

325 



330 

COOC 2 H 5 

COOC 2 H 5 

350 


— 180M84®/0,4 — 

13r-136° — — 

94°-95° — — 

165M67° — — 

52° — — 

— — IR, HI NMR 

17M8° — — 

125°-127° — — 

201°-203° — — 

194M95° — — 

160°-161° — ~ 

87°-88° — — 

303°-304° — — 

163M64° — — 

— — IR 

114°-115° — — 

114°-115° — — 

119M20° — — 

68°-69.5° — — 

66° — — 

232° — — 

216°-217° — — 

225° — — 

142.5°-143° — — 

175° — ~ 

69°-70° — — 

66°-67° — — 

52°-54° 108°/0.5 — 

10M1° — — 
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Physical properties 



Compound 

References 

M.p. ro 

B.p. (° C/mm) 

Other 

CH 200 CCH 3 

CH 2 OOCCH 3 

325 

43°-44° 

_ 

_ 



326 

42°^3'“ 

— 

— 

CH 200 CCH 3 

C^CH200CCH8 

330 

— 

— 

— 

CH 200 CCH 3 

C^CH200CC6H5 

330 

250° 

— 

— 

CH(0H)CH3 

CH(0H)CH3 

334 

>400° 

— 

— 

CH 2 CH 20 H 

CH 2 CH 20 H 

334 

125° 

— 




327 

124M25° 

—> 

— 

CH 2 COOH 

CH 2 COOH 

334 

203°-205° 

— 

— 

CH 2 COOCH 3 

CH 2 COOCH 3 

334 

47°^8° 

— 

— 

CH 2 COOCH 2 CH 3 

CH 2 COOCH 2 CH 3 

334 

40° 

— 

— 

CH 2 COC 1 

CH 2 COC 1 

334 

— 

— 

— 

CH 2 CH 2 CH 3 

Br 

325 

44°^5° 

107°/1 

— 

CH(CH3)2 

CH(CH3)2 

330 

104°-105° 

— 

— 

CH2(CH2)2CH3 

Br 

325 


85°-90°/0.5 

nS 1.5500 

C(CH3)=CH2 

C(CH3)=CH2 

330 

82°-83° 

— 

— 

CaHs 

CeHs 

326 

148M49° 

— 

— 

CaHs 

COOH 

348 

142°-143° 

— 

— 

NCO 

NCO 

334 

— 

— 

IR 

NHCO 2 CH 3 

NHCO 2 CH 3 

334 

257°-258° 

— 

— 

P(CaH5)2 

P(CaH5)2 

340 

219° 

— 

— 

P(CeH5)Cl 

P(C8H5)CI 

340 

172°-174° 

— 

— 

P(CeH5)N3 

P(C8H5)N3 

340 

00 

0 

— 

— 
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SiCb SiCla 

Si(CH3)2CI Si(CH3)2Cl 

Si(C6H5)2Cl Si(C6H5)2Cl 

Si(CH3)Cl2 Si(CH3)Cl2 



338 12r-122° 

338 112.5M13.5° 

338 244^^-245® 

338 119°-120° 

340 — 

Cyclic Compounds 


334 180*" 


334 170" 


334 

327 


259.5"-260.5 


IR 


Carboranes 343 



TABLE 


Compound 


References 





334 


337 


334 


338 


[—continued 

Physical properties 

M.p. (°C) B.p. (°C/mm) Other 


127M29° 


253°^.5° — IR 


149M50° 


160M61 


IR {339) 
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338 



190M92' 


IR (339) 


156°-158° 


163M65° 


189°-91.5° 


w 

Ut 


Carboranes 




VIII —continued 


w 

Physical properties 

References M.p. (°C) B.p. (°C/mm) Other 


338 128M29.5° 


340 222°-224° 


Cyclic Compounds 


339 


28r~283 
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347°-349' 


304° 


309°-310° 


27r-272° 


ti 


Carboranes 
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Physical properties 


Compound 


References M.p. (°C) B,p. (®C/mm) Other 



339 207°-208° 


340 240"-24r 


340 280" 


IR 
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340 311°-312^ 


340 356"-358° 


340 150°(dec) 



Compounds with Two Carboranyl Units 
332 309°-310° 



Carboranes 



TABLE 


Compound 


References 




C(C00H)2 



330 


334 


334 


327 


337 


:ontinued 


1/1 

o 


Physical properties 

M.p. C C) B.p. (° C/mm) Other 

198°-199° — — 

206°-207.5° — — 

> 300° — — 

195°-196.5° — — 

65°-70° (dec) — — 


342°-344.5 


IR 


THOMAS ONAK 




337 



117M18' 


235° — IR 


73° 


86°-89° 


> 350° — IR 


126°-128° 


242°-244° 


w 

Cn 


Carboranes 



TABLE Vlll—continued 




Physical properties 


Compound 

References 

M.p. (°C) 

B.p. (°C/mm) 

Other 

[HN(C2H5)3]2(C2BioC1io) 

Carhorane Adducts 

342 200°-201° 



[HN(C2H5)3]2(C2BloH2Cl8) 

342 

185M87° 

— 

— 

[HN(C2H5)3] (C 2 CIB 10 CI 10 ) 

342 

166° 

— 

— 

[(CeH6)3PCH8]C8ClBioClio 

342 

182° 

— 

— 

[Piperidine] 2 C 2 H 2 B 10 H 10 

327 

m°-176° 

— 

IR 

[lsopropylamine] 2 C 2 H 2 BioHio 

327 

110°-115° 

— 

— 

C 2 H 2 B 10 H 9 CH 2 CH 3 

Boron-Substituted Carboranes 

325 — 

70°/0.3 

trg 1.5375 

(B-ethylcarborane) 

C2H2BioH8Cl2 

342 

232° 

— 

— 

C 2 H 2 B 10 H 8 CI 2 

342 

250°-252° 

— 

— 

C2H8BioH7a3 

342 

241°-243° 

— 

— 

C 2 H 2 B 10 H 6 C 14 

342 

250° 

— 

— 

C 2 H 2 B 10 H 6 C 14 

342 

351° 

— 

— 

C 2 H 2 B 10 H 4 C 16 

342 

306° 

— 

— 

C 2 H 2 B 10 H 2 C 18 

342 

272° 

— 

— 

C 2 H 2 B 10 C 110 

342 

259° 

— 

HI and Bii NMR 

C 2 HC 1 B 10 C 110 

342 

279° 

_ 

Bii NMR (344) 

HI and B^i NMR 

C 2 C 12 B 10 C 110 

344 

448° 

— 

IR, Bii NMR 

(C 2 B 10 C 112 ) 

C2(CH3)HBioC1io 

344 

— 

— 

Bii NMR 
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C8(CaHs)HBioCIio 


344 

— 

— 

Bii NMR 

C2(CHa)2BioClio 


344 

— 

— 

Bii NMR 

C2(C2H5)2BioC1io 


344 

— 

— 

Bii NMR 



IJ-Dicarbaclovododecaborane (Neocarborane) Derivatives 


R 

R' 





H 

H 

336 

265° {353) 
272°-273° (345) 

— 

Bii NMR {336) 



335 

263.5°-265° 

— 

MS, IR {335) 

H 

CHs 

335 

208°-210° 

— 

— 

CHa 

COOH 

334 

108°-111° 

— 

— 

CH 2 OH 

CH 2 OH 

335 

m°-196° 

— 

— 

COOCHa 

COOCHa 

335 

52.5°-54° 

— 

— 

COOH 

COOH 

335 

202°-204° 

— 

— 

Si(CH3)2Cl 

Si(CH3)2Cl 

353 

— 

102°-104°/0.1 

— 

Si(C6H5)2Cl 

Si(CeH5)2Cl 

353 

131°-133° 

— 

— 

Si(CH3)Cl2 

Si(CH3)Cl2 

353 

— 

103°-105°/0.15 

— 

Si(CH3)20H 

Si(CH3)20H 

353 

98°-99.5° 


— 

Si(CH3)2NH2 

Si(CH3)2NH2 

353 

41.5°^3.5° 

— 

— 

Si(CH3)20CH3 

Si(CH3)20CH3 

353 

36°-37° 

108°-110°/0.1 

— 

Si(CH3)(OH)2 

Si(CH3)(OH)2 

353 

136.5°-138.5° 

— 

— 

Si(CeH5)20H 

Si(C6H5)20H 

353 

153°-155° 

— 

— 

Si(CeH5)20CH3 

Si(C6H5)20CH3 

353 

151°-153° 

— 

— 



Boron-Substituted Neocarboranes 



C 2 H 2 B 10 CI 10 


336 

235° 

— 

Bii NMR 



344 




C 2 B 10 CI 12 


344 

443° 

— 

IR, Bii NMR 



lJ2-Dicarbaclovododecaborane arborane) 


C 2 H 2 B 10 H 10 


345 

259°-261° 

— 

IR, Bii NMR 


Carboranes 



354 
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available to support the strong electron-withdrawing character of the car- 
borane nucleus (326, 327, 339); however, the issue is clouded, in some 
respect, by other undetermined factors (327, 334). 

Known derivatives of the ortho^ metay 2 LnApara isomers of C 2 B 10 H 12 are 
summarized in Table VIII. 
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I 

INTRODUCTION 

Organolithium compounds have been employed in synthetic work for many 
years, but their physical properties and structures have come under inten¬ 
sive study only recently. This review summarizes the evidence relating to 
the structures of organolithium and related compounds, and describes 
structural models which are consistent with both experimental and theoreti¬ 
cal evidence. The implications of structural considerations for an under¬ 
standing of the mechanisms of organolithium reactions are also discussed. 

A, Electron Deficiency 

The organolithium compounds are members of a larger class which is 
often referred to as electron deficient^ and which includes Group II and III 
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organometallic compounds, boron hydrides, and others {1-3), Electron 
deficiency is characterized by the formation of polymeric species through 
delocalization of one or more bonding electron pairs. Thus, diborane arises 
from association of two BH 3 units to form B 2 H 6 , with delocalization of two 
bonding electron pairs into two three-center bridge orbitals. The appearance 
—at least in a formal sense—of multicenter bonds such as the B—H—B 
bridge in diborane, or the A1—C—A1 bridge in Al 2 (CH 3 ) 6 , is a conco¬ 
mitant feature of electron-deficient bonding. 

Electron deficiency in a topological sense (2) refers to molecular structures 
in which the number of nearest-neighbor atom-atom connections (i.e., 
bonds) exceeds the number of valence electron pairs. Thus, again in B 2 H 6 , 
the nearest-neighbor connections are eight in number (nine if the B—B 
connection is included), whereas there are but six valence shell electron pairs, 
available for bonding. The criteria for determination of what constitutes a 
valid atom-atom connection are not always unambiguous, but reference to 
a bond order-bond length relationship such as Pauling’s (4) is generally 
satisfactory as an approximate basis. 

The electronic structural consequences of electron deficiency are 
thoroughly discussed in many places (1-3), We defer a consideration of 
organolithium electronic structures until some of the experimental data have 
been presented. 

6 . Preparation and Properties 

Organolithium compounds vary widely in reactivity, but all are vigorously 
reactive with both air and moisture. The pure solids ignite instantly on 
contact with air. All preparative work and subsequent isolation and handling 
of the pure substances must therefore be performed under an inert atmo¬ 
sphere, usually argon or nitrogen, or in a vacuum system. 

For most purposes of structural studies it is desirable to obtain a purified 
compound free from other reaction products or other impurities accumu¬ 
lated during the preparation. Solids which are sufficiently soluble in 
hydrocarbon solvents to permit recrystallization are therefore most desir¬ 
able. The first isolation of organolithium compounds was effected by 
Schlenk and Holtz in 1917 (5). Their method of preparation involved a 
metal-metal interchange with alkylmercury compounds, e.g., 

C«He 

HgR2 + 2Li-> 2LiR 4* Hg (1) 



TABLE I 


Physical Properties of Organolithium Compounds 


Compound 

M.p. 

(°C) 

Solubility in 
hydrocarbons 

Comments 

References 

CHaLi 

250° (dec) 

Insol. 

d 0.769 gm/cm^ 

7 

CaHsLi 

95° 

Sol. 

Vapor press, at 60° C, 4 x 10“® mm Hg 
AHv = 28 kcal/mole, d 0.883 gm/cm^ 

9, 10a 

n-CaHTLi 

Liq. at r.t. 

Sol. 

— 

5 

f-CaHvLi 

52° 

Very sol. 

— 

11 

n-C4H9Li 

Liq. at —76° 

Sol. 

Distills at 80-90° C/IO ^ mm Hg 
d25 0.765 gm/cm^ 

9, 12 

jec-C4H9Li 

Liq. 

Sol. 

d25 0.783 gm/cm® 

12 


Sublimes at 70°/0.1 mm Hg 

Very sol. 

— 

13 

(CH3)3SiCH2Li 

Sublimes at 100° 

Sol. 

— 

14 

CHz^CHLi 

Solid, r.t. 

Insol. 

— 

15, 16 

CH2=CH—CHzLi 

Solid, r.t. 

Insol. 

— 

17 

CH 2 —CH 2 —CHLi 

] 1 

Solid, r.t. 

Insol. 

— 

18 

CeHsLi 

Solid 

Insol. 

Colorless 

5, 19 
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Ziegler and Colonius (6) pioneered the use of alkyl halides in a suitable 
solvent, e.g., 

C 2 H 5 CI + 2Li ^ LiCaHs + LiCl (2) 

On partial removal of solvent from the filtered solution, the solid organo- 
lithium compound crystallizes out, and may be purified by subsequent 
recrystallization. Unfortunately, not very many organolithium compounds 
possess the desired solubility properties in hydrocarbon solvent and a 
melting point above room temperature. The physical properties of a 
number of compounds are given in Table I (5, 7-19), It is interesting that the 
n-alkyl compounds above n-propyl are liquids. It appears that increased 
branching at the lithium-bearing carbon leads to higher melting points, 
since isopropyllithium and f^rf-butyllithium are solids, at room tempera¬ 
ture. A number of compounds previously unavailable as pure solids have 
been prepared recently by Seyferth and co-workers using transmetallation 
reactions {ISUyb, 17^ 18, 20), 

The organolithium compounds interact strongly with basic solvents such 
as ethers or amines. It is generally not possible, therefore, to prepare solvent- 
free samples from preparations carried out in such solvents. Methyllithium 
constitutes an exception; most of the ether can be driven off from methyl- 
lithium etherate without appreciable decomposition of the remaining 
compound (21), This preparation, though not desirable, is made necessary 
by the failure of the usual methods. It should be noted that preparations of 
CH 3 Li by a halogen-metal interchange using ethyllithium and methyl 
iodide or dimethyl mercury (22) (this method derives its driving force from 
the insolubility of CH 3 Li in hydrocarbons) are not satisfactory. A 1:1 
complex of the formula C 2 H 5 Li:CH 3 Li rather than pure methyllithium 
precipitates from the solution {23, 24), Complex formation can be avoided 
by using n-butyllithium rather than ethyllithium, but some Lil appears in 
the product. A similar complex formation has been noted in the preparation 
of cyclopropyllithium via the transmetallation reaction between tetra- 
cyclopropyltin and n-butyllithium in pentane (18), 

II 

STRUCTURES OF SIMPLE ORGANOLITHIUM 
COMPOUNDS 

A. X-Ray Crystal Structure Determinations 

The X-ray structural work reported to date on alkyllithium compounds 
has been very important in substantiating the structural scheme proposed 
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on the basis of less definitive spectral data, and in providing accurate 
geometrical data for use in other work. The first important X-ray work was 
reported by Dietrich («S) who obtained a three-dimensional Fourier projec¬ 
tion of ethyllithium from single-crystal data. Portions of the unit cell are 
depicted in Figs. 1 and 2; some of the relevant bond distances and angles 



Fig. 1. Portion of the unit cell in ethyllithium (5). 



Fig. 2. Portion of the unit cell in ethyllithium (5). 
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are listed in Table II. The structure of methyllithium has been deduced by 
Weiss and Lucken (7) on the basis of powder diflFraction data (methyllithium 


TABLE II 

Bond Angles and Bond Distances in 
Solid Ethyllithium®'*' 


Lia—Lis 
Lis—Li4 
Lia—Lie 

Lia—Cio 
Lis—Cio 
Lie—Cio 

Li?—Cio 

Lis—C e—Lia 
Li4—Ce—Lia 
Li4—Lia—Lis 


2.424 ±0.009 
2.603 ±0.010 
2.633 ±0.008 

2.188 ±0.004 
2.252 ±0.006 
2.468 ±0.005 

2.531 ±0.004 

66.1 ± 0 . 2 ° 
66.7 ±0.2° 
63.1 ±0.2° 


" Reference (8), Bond distances given in A. 
^ Refer to Figs. 1 and 2 for numbering. 


has so far not been obtained in other than microcrystalline form despite 
numerous attempts at growing single crystals). The unit cell is cubic, with 
both carbon and lithium on special positions, so that the number of para¬ 
meters is sufficiently small to permit fixing both carbon and lithium loca¬ 
tions. The hydrogen positions are, however, not known. The methyllithium 
structure is depicted in Fig. 3; relevant bond distances and angles are given 
in Table III. 



Fig. 3. Structure of methyllithium (7). 
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TABLE III 

Bond Distances and Bond Angles in 
Solid Methyllithium® 


Li—Li 

2.56±0.12 A 

Li—C 

2.28 ±0.06 A 

Li— 

2.52'’±0.12 A 

C—C 

3.69±0.10 A 

Li—C—Li 

68.3° ±0.2° 


® Reference (7). 

^ Distande from a lithium atom to the 
nearest carbon of an adjacent tetramer. 


Although the unit cells are quite different in these two structures, it is 
clear that a tetrameric grouping forms the distinguishable structural unit. 
This is unambiguously the case with methyllithium; in ethyllithium there is 
some distortion of the tetramers, probably as a result of the lower symmetry 
of the ethyl group. In both structures there is also very clearly some inter¬ 
action between tetramer units. In ethyllithium the interaction is two- 
dimensional in character, and the tetramers are distorted accordingly. In 
methyllithium the high symmetry and low steric requirement of the methyl 
group permit three-dimensional association of the tetramer units so that the 
site symmetry of the tetramers remains high, and no distortion results. 

The principal points of interest in the structural details are the short 
lithium-lithium distances in the tetramers (2.56 A vs. 2.67 A in Li 2 ), and 
C—Li distances somewhat longer than the sum of C (sp^) and Li single bond 
radii. There is a further point that the C—Li—C bond angles are sharp, a 
characteristic of bond angles in electron-deficient bridging (2). Other 
aspects of the X-ray structural data will be referred to in later discussion. 

6. Moss Spectra 

The mass spectrum of ethyllithium vapor (25) reveals the presence of a 
number of ionic species (Table IV). On the basis of their low appearance 
potentials, Li 5 R 5 + and Li 4 R 3 + are adjudged to be the only parent species in 
the vapor; the others result from these two by subsequent fragmentation. 
Double oven experiments demonstrate that separate precursors of both 
Li^Rs^ and Li 4 R 3 + are indeed present and in equilibrium in the effusion 
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TABLE IV 

Mass Spectrum of Ethyllithium Vapor®-^ 


Mass 

number 

Ion 

Relative 

intensity 

Appearance 

potential 

(ev) 

187 

LieRs'*’ 

24 

7.7 ±0.5 

151 

Li5R4+ 

1.3 

12.5 ±0.5 

115 

LURs^ 

47.5 

8.0 ±0.5 

79 

Li3R2''' 

15 

11.7±0.5 

43 

Li2R^ 

100 

11.7±0.5 

7 

Li+ 

14 

14±2 


® Reference (25). 

^ Electron energy, 75 ev. 


cell. The ionization processes which follow upon electron impact are 
presumably 

LieRe + e” —>■ LieRs^ + R 2e“ (3) 

and 

Li 4 R 4 + e^ —>■ Li 4 R 3 '^ + R + 2e“ (4) 

Neither of the parent molecular ions was detected. As a matter of interest it 
might be noted that use of lithium metal of varying Li^/Li^ ratio is very 
useful in establishing unambiguously the number of lithium atoms in any 
particular ionic species. 

The appearance potential data is valuable as an indication of the ease with 
which an alkyl radical is lost following ionizing electron impact, and in 
showing that the lithium atoms are very tightly bound in the parent species. 
On the basis of these results it is necessary to think in terms of structures 
with special geometrical requirements (only hexamer and tetramer), 
involving an inner core of lithium atoms, and less tightly bound alkyl groups. 
The oven temperature was estimated to be about 87° C; the total vapor 
pressure of ethyllithium in the effusion cell was estimated to be on the order 
of 0.1 mm, in reasonable agreement with an extrapolated value based on 
Chaikin’s data The absence of any lower weight species such as 

monomer or dimer under these conditions is remarkable, and argues for 
very stable polymeric species. 
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C. Colligative Properties in Hydrocarbon Solution 
Association of organoiithium compounds in hydrocarbon solution has 
been extensively investigated. Many of the reported data are of little value, 
however, because proper precautions regarding impurities were not taken. 

The boiling point elevation experiment with compounds as reactive as 
the organoiithium compounds is particularly susceptible to effects of traces 
of oxygen, water, or other impurities. The freezing point lowering experi¬ 
ment avoids this difficulty to some extent, but is limited insofar as choice of 

TABLE V 

Colligative Property Data for Hydrocarbon Solutions 
OF Alkyllithium Compounds 


Compound 

Solvent 

Cone, range 
(molality in 
monomer) 

n 

Method® 

References 

CzHsLi 

CeHfl 

0.02-0.23 

6.07 ±0.35 

F 

23 


CflHia 

0 .02-0.10 

5.95 ±0.3 

F 

26a,b 

n“C4H9Li 

CeHfi 

0.5-3.4. 

6.25 ±0.06* 

I 

21 


CeHiz 

0.4-3.3 

6.17±0.12* 

I 

21 

(CH3)3CLi 

CeHe 

0.05-0.18 

3.8±0.2 

B 

13 


C6Hi4 

0.05-0.23 

4.0 ±0.2 

B 

13 

(CH3)3SiCH2Li 

CfiHfl 

0.6-2.78 

4.0 ±0.2 

B 

28 



0 .2-1.2 

3,9 ±0.2 

B 

28 


CeHe 

0.06-0,49 

4.O0±O.11 

F 

29 


° I, isopiestic; F, freezing point lowering; B, boiling point elevation. 

^ The authors ascribe the deviation from 6.0 to slight decomposition, with formation of 
butylene. 

^ Methyl pentane. 


solvent is concerned. Isopiestic methods have been employed, but difficul¬ 
ties arise from the length of time required to reach equilibrium. Table V 
(15, 23, 26a-29) summarizes the more recent and—in the writer’s view— 
more reliable colligative property data for a number of organoiithium 
compounds. The solvents represented are the hydrocarbons only; solutions 
in basic solvents are dealt with in Section IIL 

The data of Table V seem to establish that the alkyllithium compounds 
exist in hydrocarbon solution as either hexamer or tetramer. There is no 
evidence in any of the data for dissociation of these species in the lower 
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concentration range. The more highly branched alkyl groups appear to lead 
to tetramer, probably because the alkyl groups are less crowded than in the 
hexamer. There is evidence that increasing chain length results in a lower 
degree of association. Thus, n-dodecyllithium is reported to be approxi¬ 
mately tetrameric in benzene (JO). Further, Morton and co-workers have 
concluded that long-chain species of the form R—CHR'Li, where R is a 
polystyryl or polyisoprenyl group, formed in alkyllithium-initiated poly¬ 
merization reactions, are dimeric {31), 

D. Infrared Spectra 

The infrared spectra of organolithium compounds in solid, vapor, and 
solution phases have been reported. Because the compounds are subject to 
thermal decomposition and are in general not very volatile, the reported 
vapor-phase spectra are probably not as reliable as the solution data. 

None of the absorptions appearing above 650 cm“^ in any organolithium 
spectra shows a detectable mass effect upon substitution of Li^ for Li^ 
(/J, 32, 33), It follows that the carbon-lithium valence vibrations lie in the 
longer wavelength region. For the compounds in hydrocarbon solution, or 
in the solid or vapor state, the normal modes involving lithium-carbon 
motion must be complex, involving the skeletal modes of the polymeric 
framework. The highest frequency modes, e.g., the totally symmetric 
Raman-active mode of the /er^-butyllithium tetramer in benzene solution 
(/J), consist largely of carbon-lithium stretch. 

The data reported for a number of organolithium compounds in various 
states are given in Tables VI {13, 30, 32, 33, 34) and VII. The mass effect 
observed upon substitution of Li^ for Li^ is of particular interest, in that its 
magnitude is a rough measure of the extent to which lithium motion is 
involved in the normal mode. If only lithium motion were involved, the 
ratio of frequencies would be vu^lvu-> = (7/6)^^^, orl.08. It is of interest that 
this ratio is observed for the aforementioned symmetric mode of the tert~ 
butyllithium tetramer. This vibration can therefore be visualized as a 
symmetric motion of the lithium atoms along the local threefold axes of the 
tetramer.^ 

The effect of a basic solvent upon the low-frequency modes is discernible 
in only the highest frequency mode, because solvent absorption obscures 
the lower frequency region. The 550-500 cm~^ band is shifted to lower 

2 There is, of course, the possibility that one of the frequencies in this comparison is 
shifted by a Fermi resonance. 
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frequency, but the fact that it persists is indication that the organolithium 
compounds remain associated to some degree in basic solvents. There is 
slight evidence also that the isotopic mass effect is lower in basic solvent. 

TABLE VI 

Infrared Spectra of Organolithium Compounds 
IN THE 600-300 cm'"i Region 


Compound 

Physical state 




References 

C2H6Li 

Vapor 

531 

550 

1.036 

30 



566 

570 (?) 

1.006 

32 


Mull 

535 

565 

1.056 

32 



465 

496 

1.066 




340 

362 

1.065 



Mull 

565 

— 

— 

34 



445 

— 

— 




318 

— 

— 



Benzene 

530 

— 

— 

34 



376 

— 

— 



Hexane 

532 

550 

1,034 

33 


Benzene 

527 

550 

1.044 

30 


n-Butyl ether 

516 

530 

1.027 

30 

CflHsLi 

Mull 

421 

429 

1.019 

32 



378 

390 

1.032 


(CH3)3CLi 

Benzene 

521 (R) 

563 (R) 

1.081 

13 



480 

496 

1.033 




420 

429 

1.021 



TABLE VII 

Effect of Solvent and Isotopic Substitution upon the Infrared 
Absorptions of Ethyllithium" 



CaHi4 

CaHa 

(C2H6)20 

(«-Bu)20 

CH3CH2Li7 

528 

527 

497 

516 

CH3CH2Li8 

550 

550 

— 

530 

CD3CH2Li7 

529 

— 

504 

512 

CH3CD2Li7 

514 

512 

479 

— 

CD3CD2Li7 

515 

513 

481 



Reference {30), 
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£. Dipole Moments 

A number of dielectric constant studies of organolithium compounds have 
been reported and interpreted without cognizance of the hexameric character 
of the lower molecular weight n-alkyllithium compounds. Table VIII (35, 
36, 37) lists the results of a number of dielectric constant studies; the 


TABLE VIII 

Dipole Moment Results for «-Alkyllithium Compounds in Hydrocarbon 

Solution at 25°C 


Compound 

Solvent 

A* 

(Debye) 

Pa 

Correction 

References 

(C2H5Li)6 

CeHe 

1.5 

44 cm3 

35 

(C2H5Li)fl 

CeHe 

1.73 

None 

36 

(C2H6Li)6‘* 

CeHu 

2.5 

None 

37 

(C4H9Li)6 

CeHe 

1.43 

50 cm3 

35 

(C4H9Li)6« 

C8Hi4 

2.6 

None 

37 

(CsHiiLOe* 

CeHu 

2.6 

None 

37 

(CiaH26Li)e«'^ 

CeHi4 

2.4 

None 

37 


® Dipole moments calculated from data reported in the reference; the original 
authors assumed monomeric association. 

^ If this compound is in fact tetrameric in solution (Section II, C), multiply 
dipole moment value by 0.81. 

molecularity of the organolithium compound assumed in the calculation is 
as shown. An accurate determination of the molecular dipole moment of 
the hexameric species is not possible from hydrocarbon solution studies 
because the magnitude of the atomic polarization is unknown. The fact that 
rather high intensity absorptions are seen in the infrared in the 550-300 cm“^ 
range portends that high-intensity absorptions arising from the skeletal 
deformation modes may occur at longer wavelengths, and thus that the 
atom polarization may be high. Rogers and Brown attempted to estimate 
this factor in calculating the dipole moments of the ethyllithium and 
«-butyllithium hexamers in benzene (35), From the best evidence available, 
the moments of these two species are not zero, even though the proposed 
geometry for the hexameric skeleton (Section II, F) would preclude a 
moment arising in the framework bonding itself. The effect has been 
ascribed to a noncancellation of alkyl group moments owing to internal 
rotations (38), 
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F. Electronic Structure 

The simplest view of the electronic structures of the tetrameric and 
hexameric alkyllithium species is one in which the bonding is considered in 
terms of localized multicenter bonding sites (7J, J8). The structure of the 
tetramer will be discussed in detail, since the experimental data is most 
complete for this species. It is evident from inspection of Figs. 1, 2, and 3 
that each lithium atom is associated with three alkyl carbon atoms. Assuming 



Fig. 4. Energy level diagram for a localized four-center molecular orbital. The symmetry 
symbols refer to the pseudo-Csv symmetry of the localized MO. 

that the lithium atom employs three valence shell orbitals in the bonding, a 
set of three (approximately) sp^ hybrid orbitals, directed toward the alkyl 
carbon atoms, may be visualized. Three such lithium atomic orbitals and a 
single carbon sp^ (approximately) orbital overlap to produce a four-center 
localized molecular orbital. One electron pair is accommodated in the 
lowest energy of these. The energetics of this bonding situation are shown 
diagrammatically in Fig. 4. Certain characteristics of electron-deficient 
bridge bonding are easily identified in the tetramer structure. The C—Li 
distance is longer than expected for a single carbon-lithium bond; in the 
tetramer structure, each carbon-lithium bond is formally a one-third bond. 
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Metal-metal distances are characteristically short, as seen also in Al 2 (CH 3 ) 5 , 
or [Be(CH 3 ) 2 ]„. The Li—C—Li angle is sharp (68° in CH 3 Li), a charac¬ 
teristic also seen in the two structures just alluded to. 

The structure of the hexamer species remains conjectural to some extent, 
since a hexameric species has not yet been observed in X-ray work. The 
hexamer and tetramer species must, however, be closely similar in energy; 
the vapor of ethyllithium contains both species, hydrocarbon solutions 
contain predominantly hexamers, and the solid state consists of loosely 
associated tetramers. Further, the infrared spectra of ethyllithium in the 
solid state and in hydrocarbon solution are closely similar. A model for the 
hexamer which involves the same bonding formalism just presented for the 



Fig. 5. Model of the alkyllithium hexamer structure. 

tetramer can be formed (2J, 38) by locating the lithium atoms at the apices 
of an octahedron. This figure possesses eight trigonal faces; alkyl carbon 
atoms are placed on three of the top four faces, forming in each case a 
four-center localized molecular orbital as described above. The other three 
alkyl groups are then placed on the opposing three faces of the lower half of 
the octahedron. Some distortion from an octahedral arrangement of the 
lithium atoms presumably occurs, but such a structure, possessing D^d 
symmetry (Fig. 5), provides a satisfactory working model for the hexamer. 
Polymeric species other than tetramer and hexamer which embody the 
four-center bonding arrangement are not likely to occur, since they would 
require severe distortion of the immediate environment about the lithium 
atoms, or undue crowding of the alkyl groups. For example, an octamer in 
which the lithium atoms are arranged at the apices of an Archimedes 
antiprism, and the alkyl groups are on the eight trigonal faces, is possible, 
but would be subject to the shortcomings just mentioned. It is significant 
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that no evidence was found in the mass spectrum of ethyllithium (25) for a 
species with molecular weight greater than the hexamer. 



Hybrid MOs MO's Atomic 

orbital orbitals 


Fig. 6. Energy level diagram for alkyllithium tetramer (7). 

An alternative, more general view of the bonding in the tetramer has been 
proffered by Weiss and Lucken (7). The energy level diagram which they 
propose is shown in Fig. 6. The shortness of the Li—Li distances suggests 
that the metal 2s and 2p orbitals may be combined in accordance with 
symmetry requirements to form a set of core molecular orbitals. The 
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carbon atomic orbitals, of approximately sp^ hybridization, interact with 
the core orbitals to form molecular orbitals which are effectively delocalized 
over all participating atoms. Although the energies given for the molecular 
orbitals in Fig. 6 must be regarded as only rough estimates, the general 
picture of the bonding situation is probably close to correct. Of particular 
interest is the large separation of about 5 ev between the occupied T 2 level 
and the lowest vacant (i4i) level. The absence of absorptions arising from 
electronic transitions in alkyllithium compounds (39) is in agreement with 
this result. (The absence of absorptions may also be due, however, to a low 
transition moment for the lowest energy singlet transition.) The energy of 
the lowest vacant orbital compares with that found in aromatic compounds 
which act as acceptors in charge-transfer complex formation {40), The 
possibility that the electron-deficient polymeric alkyllithium compounds 
might act as charge-transfer acceptors toward suitable bases of the tt type 
is actively under investigation. 

Fowell and Mortimer {41) have measured the heat of the reaction 

LiC4H9(soln) + H20(g) LiOH(8) + C4Hio(soln) (5) 

from which they derive a value of -31.4 ±0.7 kcal/mole for the heat of 
formation of «-butyllithium in solution. There are two reactions for which 
it is desirable to have estimates of the enthalpy changes 

(C4H9Li)fl(g) 6Li(g) + 6C4H9(g) (6) 

(C4H9Li)6(g) ^ 6C4HoU(g) (7) 

A value for the enthalpy of reaction (7) in solution would be of perhaps 
greater utility than a gas-phase value. In order to estimate AH for Eq. (6), 
the heat of formation of n-butyllithium hexamer in the gas phase must be 
estimated. Fowell and Mortimer have estimated the heat of dissociation of 
the C—Li bond without taking into account the hexameric character of 
alkyllithium compounds either in solution or in the gas phase. An estimate 
of AH for the process 

(C4H9Li)6(soIn) ^ (C4H9Li)6(g) (8) 

can be made by ignoring the heat of solution of alkyllithium compounds in 
hydrocarbon solution, which is undoubtedly small, and by estimating a 
heat of vaporization from the data provided by Chaikin {10a), Fowell and 
Mortimer mention an estimated heat of vaporization of n-butyllithium 
liquid of 33 kcal/mole. Chaikin's values of 27.9 kcal/mole for ethyllithium 
and 25.6 for «-butyllithium apply to a good approximation regardless of the 
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molecularity assumed for the vapor species. The important point, how¬ 
ever, is not which particular value is chosen for but the recognition 
that it applies to the hexatneric species. The heat of formation of gaseous 
n-butyllithium hexamer is then estimated as 6 x( — 31.4) + 26= —162 
kcal/mole. The heat of reaction ( 6 ) is then (6 x 37.07) + (6 x 18.5) + 162 = 
+ 495 kcal/mole. This corresponds to an average stabilizing energy of 
82 kcal/mole per bonding electron pair in the framework orbitals, if it is 
assumed that changes in bond energies of the alkyl group in reaction ( 6 ) are 
negligible. This means that the average of the framework bonding electron 
pair energies lies 82/23 = 3.56 ev below the average of the lithium 2s and 
alkyl 2sp^ energies. If the same value is assumed to apply to the methyl- 
lithium tetramer, it follows that the A ^ and T 2 energies are at — 11.3 + 3j8 ev 
and —11.3 —j 8 ev for the Ai and T 2 levels, respectively (Fig. 6 ). Assuming 
jS = —0.3 ev, this gives — 12.2 and — 11.0 ev, respectively, for the A^ and 
T 2 levels. This is somewhat greater stability than indicated by Weiss and 
Lucken but the general agreement is good. It would be of great value to have 
the appropriate calorimetric and other thermodynamic data for an organo¬ 
lithium compound which is associated as tetramer, e.g., LiCH 2 Si ( 0113 ) 3 . 

The enthalpy change in reaction (7) is unfortunately not known for any 
organolithium compound. 

G. Nuclear Magnetic Resonance Spectra 

Both and Li^ magnetic resonance spectra have been observed for. 
organolithium compounds, in a variety of solvents. The most important 
result of NMR studies, insofar as structural information is concerned, is to 
provide insights into exchange processes which may subsist in the solutions. 

The chemical shifts of protons attached to the lithium-bearing carbon in 
alkyllithium compounds are found at high fields, as expected. A few 
representative chemical shift values are listed in Table IX (iJ, 74, 18, 23, 
43, 44), Spin-spin couplings involving the protons have been utilized in 
assigning the isomers in vinylic systems {44), 

Exchange processes for an organolithium compound in solution might be 
either intra- or intermolecular. An intramolecular exchange of alkyl groups 
among the bonding sites in the polymer should have a fairly low activation 
energy {38 ); to date no evidence regarding this type of exchange is available. 
An intermolecular exchange might proceed either through dissociation of 
an alkyllithium polymer into less-associated fragments (e.g., dissociation of 
a hexamer into tetramer and dimer), or through a bimolecular interaction of 
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TABLE IX 

Selected Chemical Shift Values for Protons in Organolithium 
Compounds 


Compound 

Solvent 

Chemical 

shift 

T 

References 

CHsLi 

Ether 

11.94 

23 

CH3CH2Li 

Ether 

11.10 

23 


Benzene 

10.83 

38 

(CH3CH2)4AlLi 

Ether 

10.44 

42 

(CH3)3CLi 

Benzene 

9.01 

13 

(CH3)3SiCH2Li 

Benzene 

11,96 

14 

CH2CH2CHLi 

THE 

12.5 

18, 43 

cw-CHsCH^CHLi 

Ether 

3.70 

44 

^ran5-CH3CH=-CHLi 

Ether 

3.30 

44 


two polymeric units. In basic solvents, in which the compounds may be 
present as solvated, less-associated species, a heterolytic cleavage of the form 

RnLin ^ Rn-lLin’*' (9) 

is possible as well. 

It has been reported that a mixture of ethyllithium and ^^rNbutyllithium 
in benzene exhibits more than one Li^ resonance (45). The existence of 
distinguishable Li^ resonances for both ethyllithium and ^^Nbutyllithium 
in benzene has been noted for temperatures up to 45° C (46). These data, 
which require that intermolecular exchange of tert-h\ity\ and ethyl groups 
proceeds with an exchange time of about 0.01 sec or longer, indicate a 
considerable stability for the polymeric framework in hydrocarbon solvent. 
It has been shown also that intermolecular alkyl group exchange in ethyl¬ 
lithium in toluene is slow (47) (i.e., that the exchange time, is on the 
order of 0.1 sec or longer) at room temperature. 

The limited amount of work which has been reported so far for alkyl- 
lithium compounds in basic solvents indicates that intermolecular exchanges 
proceed much more easily than in hydrocarbon solvents (47, 48a), The use of 
NMR in the careful study of kinetic parameters of exchanges is potentially 
of great value. A recent study of the Li^ resonances in ether reveals that 
the simple alkyl compounds are tetrameric in ether at temperatures of 
— 50 °C and lower {48b), 

The Li^ nucleus possesses a spin of 3/2, and a sizable quadrupole moment. 
Quadrupolar relaxation of the Li^ resonance in toluene solutions of Li^C 2 D 5 
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and Li^C(CH 3)3 may therefore determine the NMR linewidths. A study of 
the temperature dependences of the Li’ linewidths in these two cases 
provides rough estimates of the quadrupole coupling constants, 0.57 mc/sec 
and 0.14 mc/sec for ethyllithium and ^^Nbutyllithium, respectively. The 
interesting possibility exists that the lower value of quadrupole coupling 
constant is associated with the tetramer configuration, and the higher with 
hexamer, but further examples are required to test this. In a study of a 
related pair of compounds, lithium n-butoxide and lithium /erNbutoxide, 
the Li’ linewidth was found to be much wider in the n-alkyl compound, both 
in solution and in the solid state (49). This difference is very likely due to a 
difference in the geometry of the prevalent polymeric species, rather than 
to any difference in the ionicity of the Li—OR bond with variation in the 
alkyl group. 


Ill 

ACID-BASE BEHAVIOR 

An understanding of the acid-base properties of organolithium com¬ 
pounds is essential to an understanding of the mechanisms by which they 
undergo chemical reaction. It is necessary to begin with a definition of what 
is meant by the terms acid and base in the present context. The organo¬ 
lithium hexamer and tetramer species described above are Lewis acids, a 
property which they share with related organometallic compounds such as 
trialkylaluminum compounds (50). The polymers may exhibit acid character 
by forming an addition compound with n-type bases (5/) such as amines or 
ethers. An interaction of this type between ethyllithium hexamer and 
triethylamine or lithium ethoxide in hydrocarbon solvent, without dis¬ 
sociation of the hexamer, has been demonstrated {23y 52). The interaction is 
presumed to occur via coordination of base to one of the two vacant faces of 
the hexamer molecule (Fig. 5). A second base molecule may coordinate on 
the opposite vacant face of the hexamer, to form an (RLi) 6 B 2 species. If the 
base is a strong donor, the hexameric species may dissociate in the presence 
of excess base, as does ethyllithium in the presence of excess triethylamine 
in benzene {23). An analogous interaction of base with tetramer in advance 
of dissociation is not possible, as no vacant faces exist in the tetramer 
structure. It is significant, therefore, that no evidence could be adduced 
from dielectric constant studies for an interaction of triethylamine with 
^^r^-butyllithium {53). The organolithium compounds may also interact 
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with bases by dissociating. Typical of the adducts formed in this way are 
(LiC 2 H 5 ) 2 *(NR 3)2 {23) and (LiC 4 H 9 ) 2 (OR 2 ) (54). These species were 
proposed on the basis of kinetic or colligative property data obtained upon 
addition of the base to hydrocarbon solutions of the alkyllithium compounds. 
It is still not entirely clear what molecularity the organolithium compounds 
possess in the pure basic solvent. On the basis of boiling point elevation 
experiments phenyllithium and benzyllithium appear to be dimeric in 
ether {19)\ results obtained from similar experiments for «-alkyllithium 
compounds in ether, while they indicate association (JO), cannot be relied 
upon because the solutes react rather rapidly with ether (55). 

A number of solid complexes of various organolithium compounds with 
various bases have been reported, e.g., C 4 H 9 Li*8(011 3)2 (56); [(€ 113)3 
CLi] 2 *THF (5J); 9-fluorenyllithium dietherate, a yellow solid (57); 
phenyllithium dioxanate, a colorless solid of formula 2 C 5 H 5 Li* 3 C 4 H 802 
(58). The structures of none of these compounds are known, but they serve 
as examples to establish that the alkyllithium compounds do behave as Lewis 
acids toward w-type bases. 

Solvation of the organolithium polymeric species, with possibly some 
disruption of the polymers to less-associated species, leads to adducts which 
may function as a source of carbanions; in this sense the adducts behave as 
bases in furnishing a nucleophilic moiety. It is important to realize, however, 
that such basic behavior can occur only in the presence of a basic solvent, 
or it requires a strong Lewis acid. Examples of the latter situation are found 
in the reaction of alkyllithium compounds with other organometals, as 
described in the following section. 


IV 

COMPLEX ORGANOLITHIUM COMPOUNDS 

Both alkyl and aryllithium compounds are capable of reacting with other 
organometallic compounds to form mixed species of well-defined stoichio¬ 
metry, which may or may not contain coordinated solvent. The earliest work 
of this kind carried out in a systematic manner is that of Hein and col¬ 
laborators in the 1920’s (59). Ethyllithium was found to dissolve in triethyl- 
aluminum and diethylzinc. In the former instance a fairly high electrical 
conductance, presumably due to the compound LiAl(C 2 H 5 ) 4 , was observed. 
Many examples of solid mixed organometallic complexes are reported in the 
literature (60), e.g., Li 2 Zn(CH 3 ) 4 *(C 2 H 5)20 ( 6 J). Wittig and co-workers 



The Structures of Organolithium Compounds 


385 


have been active in studying such species among the aryl derivatives (62), 
e.g., LiMg(C5H5)3, LiB(C5H5)3. and LiSbCCftHs),. 

There is a dearth of structural information about the mixed organometallic 
compounds. Lithium aluminum tetraethyl is isostructural with dimethyl- 
beryllium (42), as one might expect after noting that the ratio of metal atoms 
to alkyl groups is the same in the two compounds. The structure of 
LiAl(C 2 H 5)4 is shown in Fig. 7; the relevant bond distances and angles are 



Fig. 7. Structure of lithium aluminum tetraethyl { 42 ), 


given in Table X. Insofar as covalency can be ascribed to the structure, the 
alkyl group carbon atom forms a three-center bridge bond between lithium 
and aluminum. The metal-carbon bridge bonding is unsymmetrical, and 
indeed the structure is not far removed from ionic, with alternating lithium 
cations and A1(C2H5)4“ anions in a linear array. Such covalency as does 
exist in the chain arises from an overlap of lithium orbitals directed along the 
chain axis, with orbitals of the A 1 (C 2 H 5)4 group, as shown schematically in 
Fig. 8. Since covalent bonding involving lithium is slight, lithium 2p 
orbitals are probably involved to only a slight extent. 
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TABLE X 

Bond Angles and Bond Distances in Lithium Aluminum Tetraethyl®'** 



Bond distance 

(A) 


Bond angle 

Ah—Cl 

2.023 ±0.006 

C 3 —Ah—Cl 

112.r±0.6® 

Ah—Lii 

2.706 

C 3 —Ah—C 5 

108.2° ±0.3° 

Ah—Li2‘^ 

7.061 

Ah—Cl—C 2 

109.2° ±0.5° 

Cl—C 2 

1.523±0.012 

Ah—Cl—Lil 

77.2° ±0.3° 

Cl—C 3 

3.360±0.011 

Cl—Lil—C 3 

93.6°±0.3° 

Lil—Cl 

2.302 




® Reference {42). 

** See Fig. 7 for identiiication of numbered atoms. 

^ This is the distance between chains, normal to the chain axes. 


There is no structural information available for the analogous LiBR 4 
systems; the BR 4 ” system is probably not very stable because of the small 
size of the boron atom. Delocalization of charge into lithium orbitals would 
reduce electron repulsions. One expects on these grounds that LiBR 4 
compounds will evince a greater degree of covalent character than the 
aluminum analogs. It is of interest in this context that LiB(CH 3 ) 3 ( 02115 ) is 
remarkably soluble in benzene {63). 



AIR4 Li AIR4 

Fig. 8. Schematic illustration of covalent bonding in solid LiAlR 4 and related compounds. 

Mixed organometallic compounds can be expected to possess different 
structures in solution or in the vapor phase than in the solid state. The 
stoichiometries observed for solid adducts recovered from solutions may 
not correspond to the stoichiometries of the stable species present—if 
indeed mixed compound formation persists at all—in solution. It has been 
argued on chemical evidence that free organolithium is not present in 
ethereal solutions of LiBe(C 6 H 5)3 (79), or THF solutions of LiB(C 4 H 9)4 
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{64), The presence of free ethyllithium in appreciable concentrations in 
ether solutions of LiAl(C 2 H 5)4 is excluded on the basis of the observed Li^ 
magnetic resonance spectrum (42), On the other hand, Wittig and co- 
workers conclude that LiMg(C 5115)3 is appreciably dissociated in ether at 
room temperature (19), 

The proton magnetic resonance spectra of solutions of methyllithium and 
dimethylmagnesium in ether provide demonstration of the nearly complete 
formation of Li 2 Mg(CH 3)4 at lower temperatures (46). The complex 
does not appear to dissociate appreciably with increasing temperature. 
Rapid exchange sets in to obliterate the separate resonance lines at temper¬ 
atures above about — 10°C, but extrapolation to higher temperatures 
indicates that dissociation of the complex is slight at room temperature. 
It is of particular interest to note that a solid complex of the stoichiometry 
found in solution has not been isolated. 

The structure of the solution complex is probably 


S: 


Li 




\ 


CH 

CH 


Mg; 


^ch/ 


Li 


;S 


where S represents coordinated solvent. 

A molecular weight of 320 has been reported from ebulliometric measure¬ 
ments on LiBe(C 6 H 5)3 (formula weight 247) in ether over a wide concentra¬ 
tion range {19). Possibly the following disproportionation reaction occurs on 
dissolving of the complex in ether: 

Et.O 

4LiBe(CeH6)3-> 2Li2Be(C6H5)4 + Be2(C6H5)4 (10) 

If this reaction were to proceed essentially to completion, the apparent 
molecular weight would be 329. 


V 

KINETICS AND MECHANISMS OF 
ORGANOLITHIUM REACTIONS 

Armed with the structural data and interpretations of the foregoing 
sections, we may now inquire about the mechanisms by which organolithium 
compounds undergo chemical reaction. 



388 


THEODORE L. BROWN 


A, Hydrocarbon Solutions 

The alkyllithium compounds are associated in hydrocarbon solvent; the 
w-alkyl compounds, through n-butyllithium at least, are hexameric. Since 
nearly all existing kinetic evidence relates to n-butyllithium or ethyllithium, 
we will confine our considerations to systems involving hexamers. West and 
Glaze have measured a lithium kinetic isotope effect in the reaction of 
ethyllithium with benzyl chloride in benzene (65), and report that the 
reaction is first order in each reactant, with an enthalpy of activation of 
17.8 kcal/mole. A distinct Li^/Li^ isotope effect was observed. It can be 
concluded from this that the carbon-lithium bonding is significantly 
weaker in the transition state than in the ground state. Eastham and Gibson 
report that the reaction of w-butyllithium and 1-bromooctane in hexane is 
first order in both reactants (54). Ziegler and co-workers (66) concluded that 
the reaction between ethyl-, n-propyl-, «-butyllithium and 1,1-diphenyl- 
ethylene in hydrocarbon solution is first order in each reagent. Evans and 
George, on the other hand, have studied this system at lower concentrations 
of alkyllithium reagent and report a one-sixth order rate dependence for the 
organometallic reagent (67), based on the method of initial rates. This 
particular reaction is of extraordinary interest in that the reaction product is 
a new organolithium compound 

BuLi-f CH2=C(C6H5)2 ^ BuCH2CLi(C6H5)2 (11) 

Further addition of olefin to the product is impeded by steric factors. 
Equation (11) represents the initiation step of an anionic polymerization of 
an olefin (68 ); the rate of chain propagation in this case is very slow. It is 
important that the kinetics of Eq. (11) be thoroughly established, since it 
does form a prototype system for initiation of anionic polymerization. 
Preliminary work in the writer's laboratory (69) with ethylithium con¬ 
centrations of about 0.1M and 1,1 -diphenylethylene concentrations of about 
0.05 M, employing infrared spectroscopy to follow the disappearance of 
1,1-diphenylethylene, have yielded second-order rate plots. The apparent 
order in alkyllithium, based on the method of initial rates, is in the range 
0.7 to 0.95. The experimental details given by Evans and George indicate 
that meticulous care was taken in their work. It is possible, however, that 
the spectrophotometric method employed in following the reaction involves 
some hidden source of error, or that the difference in the experimental 
results is due to concentration differences. In any case, further work on this 
important system is desirable. 
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The initiation of polymerization of styrene by alkyllithium compounds in 
hydrocarbon solvent has been extensively studied (65, 70, 77). Initiation and 
chain propagation steps proceed at comparable rates, and the kinetics are 
quite complex. The initiation reaction is reported to be one-sixth order in 
alkyllithium, first order in styrene. Since the concentrations of alkyllithium 
compound employed are very low relative to the concentration of olefin, 
the method of initial rates is employed in determining reaction order in 
alkyllithium. 

We begin a general consideration of the kinetic results by presenting a 
few of the more likely pathways by which a hexameric organolithium 
compound might react with a substrate N. (Subscript 0 indicates initial 
concentration.) 

Reaction scheme (i): 


(RLi)6 6RLi K' = [RLi]‘/[(RLi)6] (small) 

(12) 

slow 

RLi + N - > product 

(13) 

rate = li[N][RLi] = liA:[RLi)6]‘'‘[N] 

(14) 

= *.pp[N][RLi]y<^ 

(15) 

Reaction scheme (ii): 


(RLi)«^>(RLi)4 + (RLi)2 

(16) 

K' = [RLi) 2 ][(RLi) 4 ]/[(RLi),] (small) 

(17) 

(RLi )2 + N ^ product + RLi 

(18) 

rate = A[(RLi) 2 ][N] 

(19) 

= kK[iRLi),yi\N] = A.pp[RLi]y^[N] 

(20) 

Reaction scheme (tit): 


(RLi)6 + N?±(RLi),-N 

(21) 

[(RLi),-N] [C] 

[N][(RLi)d [No-C][Ho-C] 

(22) 

a:[No][Ho] 

~ 1 + A:[Ho+No] 

(23) 

if K is small, [C] « A:[No][Ho] 


rate = ;i[C] = ;iA:[No][Ho] 

(24) 


if [No] > [Ho], and A:[No] > 1, fC] [Ho] 

rate = A [Ho] 


( 25 ) 
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if[Ho]>[No],X[Ho]>l,[C];^[No] 

rate = k[No] (26) 

Reaction scheme (tv ): 

(RLi)6^(R5Li5)++R- (27) 

R“+ N product (28) 

While these four schemes by no means exhaust the possibilities, they 
represent a broad spectrum of mechanisms in terms of molecularity and 
polarity of the transition state. Some organolithium reactions, e.g., thermal 
decomposition, very probably proceed via radical formation. Furthermore, 
there is evidence that the coupling reaction with an alkyl halide may involve 
radicals (72), although these systems must be more extensively investigated. 
Reaction scheme (tv) can probably be ruled out immediately; it would require 
an inordinately high activation energy, would probably lead to a negligible 
lithium kinetic isotope effect, and would not account for stereospecificity in 
olefin polymerization (65, 73). It possibly becomes an important pathway, 
however, in the presence of more polar molecules such as ethers. 

Reaction scheme (f) has been most widely subscribed to by polymer 
chemists. In this writer’s opinion it is not a likely pathway for reaction. The 
enthalpy change for dissociation of hexamer into monomer molecules, 
Eq. (7), is not known, but is probably on the order of 100 kcal/mole of 
hexamer, at a minimum. This, coupled with an unfavorable entropy effect, 
should make the free energy change for Eq. (7) so large (positive) that no 
reasonable assumption about the kinetic behavior of the various candidate 
species will suffice to make the concentration of monomer rate-determining. 
It must be recalled that the mass spectral data for ethyllithium vapor at 
87° C failed to show the presence of any monomer. Intermolecular exchange 
of alkyl groups, observed in NMR studies of ethyllithium (47), almost 
certainly proceeds by dissociation of hexamer into tetramer and dimer. 
The enthalpy of dissociation of polyisoprenyllithium dimer has been esti¬ 
mated to be about 37 kcal/mole (31b). If a similar value obtains for short 
chain n-alkyllithium compounds (and there is reason to believe it does), the 
rate of formation of monomer could not possibly be as fast as the observed 
rates of initiation. Finally, it is difficult to see how a monomeric alkyl- 
lithium species could confer the required stereospecificity in reaction with 
an olefin (73). 
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Reaction scheme («) is more likely than (/) on energy grounds. The dimer 
is probably an important species present in ether or triethylamine 
solutions of w-alkyllithium compounds, and might therefore reasonably be 
expected to function as a reactive intermediate in hydrocarbon solution. 
Rather complex kinetics should follow from scheme («), because various 
concurrent equilibria between alkyllithium species (e.g., between tetramer 
and hexamer, tetramer and tetramer, etc.) would be in effect. 

Reaction scheme {iiPj is preferable in some respects to the others listed. 
It has been shown that the hexamer acts as a Lewis acid in forming complexes 
with bases such as lithium ethoxide or triethylamine in solution. Association 
may be looked for also with less basic nucleophiles such as alkyl halides, 
olefins, or carbonyl compounds. Depending upon the relative concentrations 
of alkyllithium compound and substrate N, and upon the magnitude of the 
equilibrium constant for pre-equilibrium, the apparent order of reaction in 
either alkyllithium or nucleophile may vary widely. First-order kinetics in 
both RLi and N are to be expected when the equilibrium constant is small, 
as it very probably is for alkyl halides. Kq might be larger, however, for 
olefins. Usually a wide range of olefin/alkyllithium ratio is employed in 
polymerization studies, so that a variable order in alkyllithium is not 
surprising.^ In any case, the reported one-sixth order in RLi is open to 
serious question {71a) \ significant differences are observed in the apparent 
reaction order of alkyllithium with styrene, from spectrophotometric as 
compared with dilatometric data {71b). There is an obvious need for careful 
studies of the kinetics of reaction of alkyllithium reagents with various model 
substrates, under conditions of rigorous purity and freedom from lithium 
alkoxide, lithium halides, or other impurities. 

As a final commentary on the kinetics of olefin polymerization, it must be 
kept in mind in dealing with such systems that the product of the reaction is 
itself an alkyllithium compound, and that this new compound is no doubt 
incorporated into a polymeric alkyllithium moiety, e.g., 

(RLi)6 + CH2=CH^ ^ (RLi)6*CH2=CH<^ (Kc) (29) 
(RLi)6CH2=CH^—^RsR'Lis (R'= CHjRCH^-) (30) 

R5R'Li6 + CH2=CH^^±R5R'Li6CH2==CH^ {Kc') (31) 

3 Reported alkyllithium concentrations are based on monomer; when these values are 
divided by six, the correct concentration of hexamer is obtained for comparison with the 
olefin concentration. 
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R5R'Li6-CH2=CH^ R5R"Li6 

(32) 


R4R2Li6 

(33) 


After only one of the hexamer sites has undergone reaction, a new hexamer 
is produced. The new species may undergo reaction at the same site (propa¬ 
gation) or may undergo initiation at one of the remaining original sites, but 
with a different rate constant. As the number of sites which have undergone 
reaction increases, dissociation into less-associated polymers may occur to 
further complicate matters. It is evident that the addition of alkyllithium 
compounds to olefins constitutes a very complex system, kinetically 
speaking. 

B. The Effect of Bases on Alkyllithium Kinetics 

The acceleration of the rates of organolithium reactions resulting from 
low concentrations of bases such as amines or ethers is very great (54, 60, 
72-75). The effect no doubt results from complex formation which labilizes 
the carbon-lithium bond. Coordination of base also apparently results, as 
expected, in a more ionic transition state. The stereospecificity of olefin 
polymerization changes very markedly upon addition of base, and varies 
with base concentration in a manner which suggests that complex formation 
is responsible (31, 68, 73). 

It is not clear whether a small quantity of added base results in a change in 
the molecularity of the kinetically active organolithium moiety. It is the 
writer’s opinion that the hexamer (and possibly the tetramer as well) is 
rendered not more reactive by coordination of base, but less so. It is certainly 
true in general that coordination of base to a Lewis acid decreases the 
reactivity of the acid. In the present case, coordination of a base to the 
hexamer would serve to block the sites at which reaction with a substrate 
might occur. The increase in reactivity of the alkyllithium compounds with 
addition of base must therefore be ascribed to the fact that base coordination 
promotes dissociation of the hexamer. The dissociation product, probably a 
coordinated dimer in most instances, is presumably more reactive than the 
hexamer. 

Where coordination of a base to the hexamer occurs without dissociation 
of the hexamer, a lower reactivity should result. Lithium ethoxide, which 
behaves toward ethyllithium in this way, does have the effect of lowering the 
rate of ethyllithium reactions in hydrocarbon solution (69). There are 
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probably other bases [e.g., lithium halides (76) as well as other metal halides 
and alkoxides] which behave in a similar fashion. Shatenstein and co-workers 
have recently reported results on the effect of ether on the reaction of butyl- 
lithium with butyl bromide (77), which indicate that there is a competition 
between ether and the alkyl halide. For ether/alkyllithium ratios greater than 
0.5, the specific rate constant was found to increase with the concentration 
of n-butyl bromide. 
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I 

INTRODUCTION 

The organometallic nitrogen chemistry of the Group IV elements, except 
carbon, is comparatively new. Especially since 1950, knowledge in this field 
has greatly increased. For silicon the number of known compounds is such 
that a separate treatment seems desirable (i). Accordingly, only the nitrogen 
compounds of the remaining elements, germanium, tin, and lead, will be 
covered here. Also, this review will be limited to organometallic derivatives 
of amines and amides. Pseudohalides and other types of nitrogen compounds 
will be mentioned only in passing. 

The first organogermylamines and organogermazanes were obtained 
around 1930 by C. A. Kraus et ah The work on the organotin chemistry of 
analogous compounds having tin—nitrogen bonds started even later, viz. 
around 1960. Today many metal-nitrogen compounds of both elements are 
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known. For lead progress has paralleled that for tin, but the number of 
known lead-nitrogen derivatives is much smaller. 

The study of Group IV organometallic nitrogen compounds is interesting 
from two points of view. First, the metal-nitrogen bond in many cases has 
a high reactivity. Second, the existence of pentacoordinated tin and lead 
was demonstrated first with certain types of nitrogen compounds. 


II 

GERMANIUM 

A. Introduction 

Around 1930 a few reactions between organogermanium halides and 
ammonia were studied by Kraus et ah (cf. 2). Further progress was slow and 
even by 1960 less than twenty organogermylamines and organogermazanes 
were known. Meanwhile, some other types of nitrogen containing com¬ 
pounds had been prepared, viz. isocyanides, isocyanates, and isothiocyanates. 

The observation that certain types of organotin-nitrogen compounds are 
pentacoordinated prompted the study of corresponding germanium 
compounds. However, it appeared that the situation with germanium is 
different from that for tin and lead (J). Subsequently work was extended to 
a more general study of the germanium-nitrogen bond.^ 


6. The Formation of Germanium-Nitrogen Bonds 

1. Earlier Preparative Methods 

a. Reactions of Germanium Halides with Ammonia and Amines, Ger¬ 
manium tetrahalides and organogermanium halides react with ammonia and 
with most amines. Initially adducts are formed, but most of these are stable 
only at temperatures well below zero (4-7). Table I lists the adducts formed 
by the halogenogermanes which are reported to be stable at room tempera¬ 
ture. These compounds will not be discussed here; for a general review of 
these coordination compounds the reader is referred to a recent review 
article (5). 

1 Most of the results described here have been published in the doctoral thesis of one of 
the authors (F. R.), State University of Utrecht, November 1964 (27). Cf. also {117). 



TABLE 1 

Adducts of Halogenogermanes with Ammonia, Hydrazine, and Amines Which Are Stable at Room Temperature 


Acceptor molecules 


Ligands 

GeF4 

GeCU 

GeBr4 

GeU 

HaGeF 

(CH3)3GeBr (C2H5)3GeBr 

Ammonia 

1:2 (P, 10) 

1:6,1:16 (7J) 

— 

— 

1:1(7) 

1:1(5, 7) 

1:1 (20) 

Hydrazine 

1:2 (P, 10) 

— 

— 

— 

— 


— 

Primary amines 

Methylamine 

— 

— 

— 

— 

— 

1:1(6) 

— 

Ethylenedi amine 

1:1(9,70) 

— 

—* 

— 

— 

— 

— 

Secondary amines 

Dimethylamine 

— 

— 

— 

— 

— 

1:1(6) 

— 

Pyrrolidine 

1:2(9) 

— 

— 

— 

— 

— 

— 

Piperidine 

1:2(70) 

— 

— 

— 

— 

— 

— 

Tertiary amines 

T rimethylamine 

1:1, 1:2(9, 77) 

1:1,1:2(77) 

— 

— 

— 

1:1 (5) 

— 

Dimethylaniline 

1:^(9, 72) 

a 

— 

— 

— 

— 

— 

Triethylamine 

— 

1:4(74) 

— 

1:5(79) 

— 

— 

— 

Cyclohexylamine 

— 

— 

— 

1:4(75) 

— 

— 

— 

Acetonitrile 

1:2(9) 

— 

— 

— 

— 

— 

— 

Pyridine 

1:2(0, 70, 72) 

1:2(75, 75,77, 18) 

1:2(75) 

— 

— 

— 

— 

2,2'-Bipyridine 

— 

1:1 (75,77) 

1:1(75) 

— 

— 

— 

— 

1 .lOrPhenanthroIine 

— 

1:1(77) 

1:1(75) 

— 

— 

— 

— 

Tetra-i^-methylethylene- 

— 

1:1(77) 

— 

— 

— 

— 

— 

diamine 


Does not react (27). 


oO 

oO 
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Many adducts of halogenogermanes with ammonia or primary or second¬ 
ary amines react further, even below room temperature, with elimination of 
quaternary ammonium salts and formation of organogermylamines (cf. 
Table II). 

^GeX + HNRz -^GeX HNRz ^GeNR2 + R2NH HX 

R = H or an organic substituent 

Two or more -NH 2 or -NHR groups linked to one germanium atom are 
unstable, and tend to decompose to afford compounds of the types 
[Ge(NR) 2 ], [RGeN], or [R 2 GeNH] (2, 21).^ On the other hand some 
exceptions exist. From germanium tetrachloride and appropriate amounts 
of aniline or cyclohexylamine, respectively, Davidson (22) prepared 
compounds which he formulated as ClGe(NHC 6 H 5 ) 3 , Cl 2 Ge(NHR )2 
(R = phenyl or cyclohexyl), and Ge(NHC 6 Hii) 4 . Although the structure of 
the chlorine-containing compounds may be formulated in an alternative 
way, there is no reason to doubt the structure of the latter compound. 

Partial substitution of chlorine by an amino group has also been observed 
in the reaction between dimethyldichlorogermane and ammonia in ether, 
yielding [(CH 3 ) 2 GeCl] 3 N in addition to polymeric dimethylgermazanes 
(23). 

In the reaction between compounds of the type R 3 GeCl and ammonia, 
hydrogen chloride is eliminated if R = phenyl. The trialkylchlorogermanes, 
however, require a stronger hydrogen chloride acceptor than ammonia, for 
example, an alkali metal (2). In the former reaction (C 6 H 5 ) 3 GeNH 2 is 
formed, the only compound known containing a GeNH 2 group. This 
compound easily loses ammonia, yielding [(C 6 H 5 ) 3 Ge] 2 NH or, at elevated 
temperatures, even [(C 6 H 5 ) 3 Ge] 3 N (2). Trialkylchlorogermanes upon 
treatment with liquid ammonia and an alkali metal yield hexaalkyldiger- 
mazanes, (R 3 Ge) 2 NH, 

If halogen atoms in germanium halides are replaced by alkyl or aryl groups 
there is a diminished tendency to react with amines. Thus, diethyldibromo- 
germane yields (C 2 H 5) 2 GeNH with ammonia (2), but triethyIbromogermane 
forms a rather unstable adduct only (20); germanium tetrachloride is 
completely aminolyzed by ethylamine in contradistinction to diphenyl- 

2 These compounds doubtless are polymers or cyclic oligomers owing to the absence of 
pif-pn double bonding. In the course of our own work («-C 4 H 9 ) 2 GeNH was found to be 
trimeric. 



TABLE II 


Reaction Products Formed from Halogenogermanes and Ammonia or Amines® 


Reactants 


Halogenogermane 

Amine 

Products ^ 

References 

Remarks 



Reactions with ammonia 



GeCU 

NH 3 liq. 

Ge(NH )2 

2,13 


GeL 

NH 3 liq. 

Ge(NH )2 

19 

Or in CCI 4 with gaseous NH 3 

CaHsGela 

NH 3 liq. 

CsHsGeN 

2 


H2GeCl2 

NH 3 liq. 

Ge 

7 


(CH3)2GeCl2 

NH 3 

[(CH3)2GeCli3N*^ 

23 

In ether 

(C2H5)2GeCl2 

NHs liq. 

(C2H5)2GeNH 

2 


(n-C4H9)2GeCl2 

NH 3 liq. 

[(n-C4H9)2GeNH]3 

27 

In the presence of sodium 

(C6H5)2GeCl2 

NH 3 liq. 

(C6H6)2GeNH 

2 


(CH 3 ) 3 GeCl 

NH 3 

[(CH3)3Ge]2NH 

23 

In ether 

(C2H5)3GeBr 

NH 3 liq. 

[(C2H5)3Ge]2NH 

2 

In the presence of sodium ^ 

(n-C4H9)3GeCl 

NHs liq. 

[(n-C4H9)3Ge]2NH 

27 

In the presence of sodium 

(CeH5)3GeBr 

NH 3 gaseous 

(C6H5)3GeNH2 

2 

In organic solvents 


Reactions with primary andnes 


GeCU 

C2H5NH2 

Ge(NC2H6)2 

2, 21 

In the vapor phase or in ether 

GeCU 

C6H5NH2 

Ge(NC 6 H 5 HCl )2 

21, 22 

In ether or benzene 

GeCU 

CeHiiNHs 

Ge(NC6HirHCl)2 

22 

In benzene 

GeCU 

C 6 H 5 NH 2 (excess) 

ClGe(NHC6H6)3 

22 

In boiling benzene 
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TABLE II —continued 


Reactants 


Halogenogermane 


Amine 


Products ^ References 


Remarks 


GeCL 

GeCL 


GeL 

(CH3)2GeCl2 


(CH3)2GeCl2 


(CeH5)2GeCl2 

HsGeCl 


GeCU 

GeCU 

GeCU 

GeCU 


C 8 H 11 NH 2 (excess) 

RHNCH 2 CH 2 NHR 
R = CH 3 , C 2 H 5 , CeHs, 
/)-CH3C6H5 


C2H5NH2 Uq. 
CH3NH2 



Y = NH, O or S 
C 2 H 5 NH 2 
CH 3 NH 2 Uq. 


Ge(NHC6Hii)4 

R R 

H 2 C—CH 2 

I X I 

H 2 C—^N—CH 2 
R R 


Ge(NC2H6)2 

[(CH3)2GeNCH3]8 



Y = NH,OorS 

Only sUght, if any, aminolysis 

(GeH2)* 


22 

28 


19 

29 

24,25 


2 

5 


Reactions with secondary amines 


In boiling benzene 
In benzene 


In Uquid ethylamine or in CCU 
In ether 


In the presence of triethylamine 


C 5 H 10 NH 

(C2H5)2NH 

Phthalocyanine 

2-Cyanobenzamide 


Ge(NC6Hio)4 
Ge(NC2H5)2-HCl 
PcGeCU* 
PcGeCU * 


21 In ether 

21 In the vapor phase or in ether 

30, 31, 32 In the presence of quinoline 
31 In the presence of l-chloro- 

naphthalene 
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GeBr 4 

(CH3)2NH 

Ge[N(CH 3 ) 2]4 

4 

In cyclohexane 

GeBr4 

(C2H5)2NH 

Ge[N(C2H5)2]4 

4 

In cyclohexane 

Geh 

(C 2 H 5 ) 2 NH Uq. 

Aminolysis/ 

19 


C2H5GeCl3 

(CH3)2NH 

C2H5Ge[N(CH3)2]3 

4 

In cyclohexane 

CzHsGeCla 

(C2H5)2NH 

C2H5Ge[N(C2H5)2]3 

4 

In benzene 

(n-C4H9)2GeCl2 

(CH 3 ) 2 NH 

(n-C4H9)2Ge[N(CH3)2]2 

26 

In hexene 

HsGeCl 

(CH 3 ) 2 NH liq. 

(GeH 2 )x 

33 




Reactions xoith tertiary amines 



HsGeCl 

(CH 3 ) 3 N Uq. 

(GeH2)x 

7 


HgGeCl 

C 5 H 5 N 

(GeHa), 

7 



“ Cf. Table I for reactions in which adducts are formed only. 

^ The quaternary ammonium salts obtained are omitted. 

® Also polymeric dimethylgermazanes are formed. 

^ Without sodium only a rather unstable adduct is formed {20), 

« Pc = the phthalocyanyl group. From this compound also PcGeX 2 (X = other halogens, OH, OR, or OSiRs) were prepared. 
/ Products were not characterized. 
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dichlorogermane (2); the latter compound yields (C 6 H 5 ) 2 GeNH upon 
reaction with ammonia (2). 

On the other hand, complete aminolysis of dimethyldichlorogermane can 
occur in the presence of triethylamine as a hydrogen chloride acceptor (24, 
25). 


a: 


+ (CH3)2GeCl2 + 2(C2H5)3N 



+ 2(C2H5)3N-HC1 


Y=NH, O. orS 


Reactions between germanium tetrachloride, alkyltrichlorogermane, or 
dialkyldichlorogermane and secondary amines in petroleum ether yield 
compounds of the type Ge(NR 2 ) 4 , RGe(NR 2 ) 3 , and R 2 Ge(NR 2 ) 2 , res¬ 
pectively (4, 26),^ With tertiary amines the germanium halides either do not 
react or form adducts (cf. Table I). 

In Table II reactions between halogenogermanes and ammonia or amines 
are summarized. 

b. Other Reactions by Which a Germanium-Nitrogen Bond is Formed, 
In a few cases halogermanes have been treated with alkali metal derivatives 
of amines. Moreover, recently (29) an alkali metal derivative of a germyl- 
amine has been found to react with Group IV organometallic chlorides. 

[(CH3)2GeNCH3]3 + 3LiCH3 3(CH3)aGeN(CH3)Li 

(CH3)8GeN(CH3)Li + (CH3)3MCl (CH3)3GeN(CH3)M(CH3)3 

M = Si, Ge, Sn, and Pb 

Compounds prepared by both types of reactions are listed in Table III. 

In principle alkali metal derivatives of germanes can be converted to 
compounds containing a germanium-nitrogen bond. This synthetic method 
is of a very limited scope since trialkylgermyl-alkali metal compounds can 

® These results are at variance with earlier work ( 21 ) which reported the formation of 
Ge(NC2HB)2*HCl from the reaction between germanium tetrachloride and diethylamine 
in the vapor phase or in ether. 
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TABLE III 

Compounds Prepared by Reaction of Halogenogermanes 
WITH Alkali Metal Derivatives of Amines 


Compound 

References 

Compound 

References 

Ge(NC4H4)4“ 

34 

(n-C4H9)3GeN(C2H6)2 

27 

(CH3)2Ge{N[Si(CH3)3]2}2 

35 

(n-C4H9)3GeNC4H4“ 

27 

(n^C4H9)2Ge(NC4H4)2« 

27 

(n-C4H9)3GeNC8H6*» 

27 

(CH3)3GeN(CH3)Si(CH3)3 

29 

(n-C4H9)3GeNC4H402 ^ 

27 

(CH3)3GeN(CH3)Ge(CH3)8 

29 

(n-C4H9)3GeNC8H402'‘ 

27 

(CH3)3GeN(CH3)Sn(CH3)3 

29 

(C6H6)3GeNH2 

2 

(CH3)3GeN(CH3)Pb(CH3)3 

29 

(CflH5)3GeN(CflH5)2 

38 

(CH3)3GeN[Si(CH3)3]2 

35, 36, 37 

(CaH5)3GeNC4H4« 

27 

[(C2H6)3Ge]2NH 

2 




® NC4H4 = JV-pyrrolyl. 
bNCsHe^JV-indolyl. 

^ NC4H4O2 = JV-succimidyJ. 

** NC8H4O2 = JV-phthalimidyl. 


not be prepared in satisfactory yields. Two examples, involving different 
types of reaction, are known. 

2R3GeNa + CH 2 Br 2 + NH3 -> R3GeNH2+R3GeCH3 +2NaBr 
R = H (see footnote 4 ) or phenyl { 39 ^ 40 ) 

(H2O) 

(C6H5)3GeLi + C 6 H 6 N=NCflH 6 (see footnote 5 ) - > 

(C 6 H 5 ) 3 GeN(C 6 H 5 )NHCflH 6 [cf. ref. (33)] 

Germyllithium, HaGeLi, forms complexes with ammonia, of which the 1: 2 
adduct is stable at room temperature (41). 

2. New Methods for the Synthesis of Germanium-Nitrogen Bonds: The 
Preparation of Compounds in Which the Nitrogen Atom is Part of a 
Heterocyclic System 

Because of earlier findings in organotin chemistry (see Section III, E) it 
was felt desirable to study a series of compounds in which an organo- 
germanium group is linked to the nitrogen atom of a heterocyclic system 

^ H3GeNH2 has not been isolated. 

® Or azoxybenzene which is reduced to azobenzene by another molecule of triphenyl- 
germyllithium prior to addition. 
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(27). Moreover, while investigating the properties of these compounds some 
other types of compounds containing a germanium-nitrogen bond were 
prepared for comparison purposes. In Table IV the compounds synthesized 
and the methods of preparation employed are summarized. 

TABLE IV 

New Organogermanium Compounds Containing a Germanium-Nitrogen Bond® 


Method of B.p, (m.p.) Yield 

Compound preparation (°C/mm) (%) 


Hexabutylcyclotrigermazane 

Dibutyldi-JV-pyrrylgermane 

Hexabutyldigermazane 

JV-Tributylgermyloctylamine 

JV-T ributylgermyldiethylamine 

JV-T ributylgermylpyrrolidine 

JV-Tributylgermylpyrrole 

JV-T riphenylgermylpyrrole 

JV-Tributylgermyl-2,4-dimethylpyrrole 

JV-T ributy Igermy lindole 

N-T ributy Igermy Ipyr azole 

JV-Triethylgermylimidazole 

JV-Tributylgermylimidazole 

JV-Tributylgermyl-l ,2,4-triazole 

JV-T ributy Igermy Isuccinimide 

JV-Tributylgermylphthalimide 

Bi8(tributylgermyl)carbodiimide 


g 

172^/0.004 

1.4889 

26 

b 

156M60°/1.1 

1.5222 

51 

g 

144M46°/0.2 

1.4727 

88 

e 

130°-134°/0.06 

1.4594 

22 

c 

84°-88°/0.15-0.20 

1.4606 

59 

e 

158°-160°/12 

1.4729 

52 

h 

110M14°/0.53 

1,4882 

68 

h 

(198°-199°) 

— 

66 

e 

172M74°/10 

1.4932 

65 

d 

125°-130°/0.0015 

1.5364 

68 

f 

105°-109°/0.53 

1.4828 

52 

f 

155M56°/13 

1.4943 

13 

f 

117°/0.07 

1.4892 

22 

f 

123°/0.25 

1.4825 

27 

h 

177°/2 

1.4870 

44 

b 

\S9°I0.3 

1.5208 

22 

h 

146M54°/0.003 

1,4823 

24 


® From ref. (-27). 

Methods of preparation: 

6 RaGeX (X = Cl, Br) or RaGeCh + KN<^ in toluene, 

^ RsGeCl + LiN^ in ether. 

** RsGeCl + NaN^ in benzene. 

* (R 3 Ge) 2 NH + 2HN<^ at 160M70° C. 

^ (R3Ge)20 + 2HN^ at 150°-170° C, under removal of water by the slow addition of dry 
toluene. 

9 RsGeCl or RaGeCla in liquid NHa + Na. 

* RaGeCl + HaNCN+NaOCsHo in ether/alcohol. 


Most of the nitrogen derivatives involved are very susceptible to hyd¬ 
rolysis, extreme precautions being required to exclude every trace of 
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moisture. Reactions starting with a halogenogermane involve an incon¬ 
venient filtration of the reaction mixture and washing of the precipitate. 
For the preparation of the most moisture-susceptible compounds, therefore, 
preference was given to two other types of reactions which can be carried 
out more simply, viz. transamination reactions and reactions between 
germoxanes and amines. 

(R3Ge)2NH + 2 NH<^ -> 2R3GeN\ +NH3 

(R3Ge)20 + 2HN\ -> 2R3GeN\ +H 2 O 

Both reactions are new in organogermanium chemistry. 

Unlike the corresponding reactions of organotin compounds (42), the 
release of water from a trialkylgermoxane and imidazole or benzimidazole 
does not take place with reasonable speed at the boiling point of benzene. 
The reactions can be made to proceed by a modified azeotropic distillation, 
viz. by heating a mixture of the reactants at 150°-170° C and by adding from 
time to time a few drops of toluene. In this way the water produced is swept 
away by the solvent vapor and the reaction temperature can be maintained 
at the required level. 

The transamination reactions were carried out by refluxing hexabutyl- 
digermazane in the presence of an amine and a trace of ammonium sulfate 
as a catalyst. The ammonia ^scaping through the reflux condenser was 
carried away by a slow stream of nitrogen and titrated with acid. Both 
reactions proceed satisfactorily, but yields are sometimes low (cf. Table IV) 
because the products are very susceptible to hydrolysis and difficult to 
purify by distillation. 

C. The Properties of Compounds Containing a 
Germanium-Nitrogen Bond 

1. The Absence of Strong Association 

It was first investigated whether association occurs with the germanium 
compounds as with the A^-trialkylstannylimidazoles (see Section III, E, 4). 
The occurrence of an appreciable degree of association in solution is 
indicated by a sharp increase in viscosity with increasing concentration {43), 
When the viscosity of solutions of A^-tributylgermylimidazole of increasing 
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concentration was determined, the concentration dependency showed that 
no appreciable association occurs (Fig. 1). Clearly, the tendency to form 
coordination compounds is much lower for germanium than for tin. 



Fig, 1. Viscosity of solutions of JV-tributylgermyl- and iV-tributylstannylimidazole in 
toluene, determined with an Ubbelohde (44) viscosimeter at 20° C (the broken and con¬ 
tinuous lines, respectively). 

2. Cleavage of the Germanium-Nitrogen Bond 

In general, germanium-nitrogen compounds are very susceptible to 
hydrolysis. An exception is the compound (C 6 H 5 ) 3 GeN(C 6 H 5 )NH(C 6 H 5 ) 
which has been isolated in yields of 51-79% after hydrolysis (in the presence 
of organic solvents) of (C 6 H 5 ) 3 GeN(C 6 H 5 )NLi(C 6 H 5 ) with water, or with a 
saturated aqueous solution of ammonium chloride (33). Remarkable 
hydrol)^ic stability has been found for A^-tributyl- and A^-triphenylgermyl- 
pyrrole. The latter compound can even be dissolved in acetone and pre¬ 
cipitated by the addition of water without decomposition. A^-Tributyl- 
germylpyrrole is not appreciably hydrolyzed upon heating with an equivalent 
amount of water in a Carius tube at 180° C for 4^ hr. However, the synthesis 
of these pyrrole derivatives cannot be achieved from the corresponding 
germoxane and pyrrole. Hexabutyldigermoxane, for instance, does not 
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react with pyrrole upon heating at 170° C for 4 hr. Thus, even under rather 
drastic conditions the reaction does not proceed in either direction. 


(R3Ge)20+2C.iH4NH <~y^ 2R3GeNCiH4 + H 2 O 


On the other hand, the analogous formation and hydrolysis of the com¬ 
pounds based on the more acidic heterocycles, viz. pyrazole, imidazole, and 
triazole, proceeds easily. Hydrolysis occurs rapidly at room temperature, 
and the reverse reaction can be brought about completely or at least to a 
substantial degree, if much more slowly, by continuous elimination of water 
above 150° C. 

To study these remarkable differences further, the relative reactivity of 
the germanium-nitrogen bond toward various reagents was determined for 
a number of structurally related compounds. This was done semiquan- 
titatively by comparing the infrared spectra of solutions (0.5 M) of the 
compound in question in dry benzene and in benzene containing an 
equivalent amount of the reagent to be investigated.^ The following reagents 
listed in the order of decreasing acidity were studied: phenol, ethyl alcohol, 
tert~h\ity\ alcohol, phenylacetylene, and octylamine. Thus an insight was 
obtained into the reactivity of the germanium compounds towards a series 
of reagents, the latter varying from decidedly electrophilic to fairly strongly 
nucleophilic. The results are compiled in Table V. It follows from these 
results that the order of reactivity of the reagents corresponds to their 
acidity and does not follow the order of increasing nucleophilic character. 

Apparently the germanium-nitrogen bond in the substituted aliphatic 
amines and in the substituted heterocycles with more than one nitrogen 
atom in the ring is very reactive toward reagents with a distinctly acidic 
character, e.g., phenol and ethyl alcohol. An entirely different behavior was 
found for tributylgermanium-substituted indole, pyrrole, succinimide, and 
phthalimide, which are completely stable toward these reagents, or at most 
react very slowly. 

Because the reactivity of the reagents corresponds to their acidic character 
an electrophilic attack on the nitrogen atom is likely to be the decisive factor. 
Nucleophilic attack on the germanium atom, though necessarily involved 
in the reaction, must be much less important since the reactivity of the 

® In particular the changes in the 2.5-3.2 ^ region which are connected with the dis¬ 
appearance of the alcohols and the formation of the free amines or heterocyclic compounds 
served as an indication for the occurrence of reaction. 
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TABLE V 

Reactivity of the Germanium-Nitrogen Bond in 
Compounds of the Type (7?-C4H9)3GeN:^ towards Equivalent Amounts 
OF Various Reagents in Benzene Solution (0.5 M) 





Reactivity towards ® 


N-containing substituent 

Phenol 

1 

Ethyl 

alcohol 

2 

tert’Butyl 

alcohol 

3 

Phenyl- 

acetylene 

4 

Octylamine 

5 

Indole 

0 

0 

— 

— 

— 

Pyrrole 

+ 

0^ 

— 

0 

— 

Phthalimide 

— 

0 

— 

— 

— 

Succinimide 

± 

0 

— 

— 

— 

2,4-Dimethylpyrrole 

+ (1-5 hr) 

± 

— 

— 

— 

Pyrazole 

— 

+ + 

± 

— 


Imidazole 

— 

+ + 

± 

0 

— 

1,2,4-Triazole 

+ + 

+ + 

0 

0 

0 

Diethylamine 

— 

+ + 

— 

0 

— 

Pyrrolidine 

— 

+ + 

+ (< 1 day) 

0 

+ (ihr) 

Order of decreasing 

1 

2 

3 

4 

5 

acid strength 

Order of increasing 

2 

3/4 

3/4 

1 

5 

nucleophilic properties 

Order of reactivity 

1 

2 

3 

4/5 

4/5 


® 0, no reactivity; stable for at least 3 days; ±, very low reactivity, approximately 50% 
conversion reached after 5 days or longer; +, intermediate reactivity; an indication about 
the time required for approximately 50% conversion is given between parentheses; 
+ +, very reactive; decomposition completed during the time required to prepare the 
sample for IR analysis 1/4 hr), 

^ Tributylethoxygermane is stable towards pyrrole. 

^ JV-Tributylgermyloctylamine is decomposed within 1/4 hr by pyrazole. 


reagents does not parallel their increasing nucleophilic character. The 
following reaction scheme is suggested: 


ROH+^Ge— 


RO®+^Ge— nC' 

^ H 


^Ge—N’Cf - > ^Ge® H-HNCT (rate-determining) 


^Ge^+ RO® 


^ ROGe^^ 
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The formation of completely separated charges is not necessary. The 
reaction may also occur in one step through the following transition state, 
involving a weak interaction between germanium and oxygen: 

R 



Such a transition state is even more likely because of the low polarity of the 
solvent (benzene) used. 

Electrophilic attack on the nitrogen atom is strongly dependent on the 
availability of its electron pair. In comparison with the aliphatic amines this 
availability is decreased when the nitrogen atom belongs to an “aromatic'^ 
ring system since the electron pair is delocalized in the tt system of the ring 
{45). This may explain the low reactivity of the pyrrole and indole deriva¬ 
tives. 

The high reactivity of the derivatives of pyrazole, imidazole, and triazole 
is likely to be connected with the presence of the second nitrogen atom. The 
free electron pair of this nitrogen atom is not involved in the aromatic tt 
system and consequently is very prone to electrophilic attack {46). The 
probable reaction sequence for these molecules is therefore 

ROH + ^e—N'^N-> RO®+ 

w w 


^e -N^NH -> ^Ge® + N^NH 

w w 


^(;e®+RO® -^ ^GeOR 

Alternatively, when reaction occurs in one step, a transition state, for 
example. 
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may be involved. Analogous schemes may be visualized for the pyrazole and 
triazole derivatives.^ 

It is well known that in succinimide and phthalimide the proton of the 
imino group has a pronounced acidic character owing to resonance between 
the nitrogen atom and the neighboring carbonyl groups, thereby markedly 
reducing the basicity of the nitrogen atom (48), Thus the comparatively low 
reactivity of the succinimide and phthalimide derivatives may also be 
understood in terms of a diminished availability of the free electron pair at 
the nitrogen atom. 

As noted at the beginning of this section, A^,A^'-diphenyl(triphenyl- 
germyl)hydrazine (33), (C 6 H 5 ) 3 GeN(C 6 H 5 )NH(C 6 H 5 ), shows a marked 
stability in aqueous media. Probably in this compound also the basicity of 
the nitrogen atom linked to germanium is lowered by resonance, this time 
with the phenyl group. The low basicity of anilines, for example, is explained 
in this way (49), 

Summarizing, it has been demonstrated that in general the germanium- 
nitrogen bond is very reactive toward reagents with a distinct acidic 
character. In apolar solvents this reactivity is probably due to an electro¬ 
philic attack on the free electron pair of the nitrogen atom. Reactivity is 
considerably lowered for compounds in which the availability of this free 
electron pair is restricted, e.g., for A^-tributylgermylpyrrole. The observed 
high reactivity of A^-tributylgermyl-substituted heterocycles which contain 
a second nitrogen atom in the ring may be explained by assuming electro¬ 
philic attack on the free electron pair of this atom. 

The compounds with a reactive germanium-nitrogen bond readily 
undergo transamination and substitution reactions with compounds having 
proton-active hydrogen atoms. In particular the transamination reaction 
olfers a route to many other germanium derivatives. It may be expected, 
therefore, that the digermazanes will prove to be very suitable intermediates 
for the preparation of many new compounds. 

^ After the occurrence of some decomposition the free heterocycles formed, pyrazole, 
imidazole, or triazole, may take part in the reaction. Since they are more acidic than ethyl 
alcohol (47) they may protonate the tertiary nitrogen atom of the unreacted molecules, thus 
facilitating the nucleophilic substitution at the germanium atom by the ethoxy group. An 
autocatalytic effect therefore might be operative in these reactions. 
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III 

Tin 

A Introduction 

The development of organotin-nitrogen chemistry was until recently very 
slow. The reported synthesis of A^-triethylstannylurea by Kulmiz (50) in 
1860 has never been repeated. Bullard and Robinson (51) in 1927 obtained 
a mixture of trimethylphenyltin and tris(trimethylstannyl)amine from 
trimethyltin-sodium and bromobenzene in liquid ammonia, but they were 
unable to isolate the tin-amine. Between 1950 and 1960 a number of 
organotin-substituted carbonimides and sulfonamides were described. 
Moreover, a large number of organotin complexes became known in which 
nitrogen is coordinated to tin. Before 1960, however, not a single compound 
of the general formula R„Sn(NR'R") 4 _„ was known. 

The first representative of this class, tetrakis(diethylamino)tin, Sn[N- 
(C 2115 ) 2 ] 4 , was described in 1961 (52). The reagent used in its preparation, 
LiN(C 2 H 5 ) 2 , afterwards proved to be equally suited to the preparation of 
other organotin amine derivatives. 

In 1962 the field of organotin amine chemistry was at last opened up with 
the publication of four papers (53, 54, 55, 56) on the preparation of com¬ 
pounds of general formula /?„Sn(NR'R") 4 _„ covering all possibilities from 
n = 0 to n = 3. In one of these papers (56), moreover, compounds with more 
than one tin atom joined to the same nitrogen atom, as well as a cyclic 
compound of the formula [R 2 SnNR'] 3 , were described. 

Early in the same year the synthesis of compounds in which a triorganotin 
group is bound to heterocyclic nitrogen was announced (42), In contrast to 
the organotin amine derivatives, these are very stable to moisture provided 
a second nitrogen occurs at the 3-position with respect to the first in the 
heterocyclic ring. It was shown that this is due to a stabilization of the 
crystalline state through pentacoordination around the tin atom. 

More recently, organotin azides and tin derivatives of hydrazine, 1,3- 
diphenyltriazene, formamide, urea, isourea, guanidine, amidine, carbo- 
diimide, carbamic, and thiocarbamic acids, an imidoether and imido- 
phosphoranes have been prepared, so that now almost every imaginable type 
of organotin-nitrogen compound has become known. 

6. Complex Compounds 

Complex compounds are formed by treating organotin halides with 
ammonia or amines. Those described in the literature up to 1960 have been 
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summarized (57). It appears that halides of the types RSnX 3 and R 2 SnX 2 
generally combine with 2 moles, and halides of the type R 3 SnX with 1 or 
2 moles of ammonia or amines. The structure of these compounds has long 
remained uncertain (55, 59, 60). Thomas and Rochow {61) were the first to 
suggest that tin is able to expand its valence shell, whereas carbon cannot. 
This implies that both the halogen atom and the nitrogen atom are covalently 
bound to tin. This idea has been confirmed for the trimethyltin chloride- 
pyridine complex by Beattie, McQuillan, and Hulme {62), Results of infra¬ 
red measurements and X-ray analysis point to a trigonal bipyramidal 
pentacoordinate arrangement of ligands around the tin atom. The tri¬ 
methyltin group is planar and the chlorine atom and the pyridine molecule 
lie on either side of the plane {63), Complexes formed between amines and 
the organotin halides R 2 SnX 2 and RSnX 3 are probably six-coordinate. 

Recently complexes of diorganotin dihalides with bidentate ligands like 
2,2'-bipyridyl and 1,10-phenanthroline have been described. These are in 
general well-crystallized solids with sharp melting points. They are 
hydrolytically much more stable than the complexes with monodentate 
ligands and are suited to the characterization and isolation of diorganotin 
dihalides. In these complexes the tin atom is presumably again six- 
coordinated. This is true also for the diorganotin dioxinates, a few of which 

TABLE VI 


Organotin Chelate Complexes 


Compound 

M.p. 

(°C) 

References 

{CH 3 ) 2 SnCl 2 *bipy“ 

240° 

67 


232°*-233° 

68 

(C2H5)2SnCl2 * bipy 

200 °-201° 

69 , 70 


195M96° 

68 

(«-C3H7)2SnCl2-bipy 

204°-205° 

68 

{«-C4H9)2SnCl2 • bipy 

179.5M80° 

71 


O 

O 

oo 

69 , 70 


177M79° 

68 

(«-C 4 H 9 ) 2 SnBr 2 • bipy 

176M77° 

69 , 70 

(«-C4H9)2Snl2*bipy 

163° 

69 , 70 

(«-C 4 H 9 ) 2 Sn(CNS) 2 ‘bipy 

152.5°-153° 

70 

(w-C8Hi7)2SnCl2 *bipy 

133°-133.5° 

70 

(C6H5)2SnCl2 'bipy 

243°~245° 

69 , 70 


239°-240° 

68 
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TABLE VI —continued 


Compound 

M.P. 

(°C) 

References 

CHsSnCls’bipy 

_ 

67 

«-C4H9SnCl3 * bipy 

227^-228° 

70 

t- C 4 H 9 SnBr 3 • bipy 

>300° 

70 

(CH 3 ) 2 SnCl 2 * phenan ^ 

284° 

67 


(dec 200°) 

68 

(C 2 H 6 ) 2 SnCl 2 ‘phenan 

235°-236° 

69 , 70 


230°-231° 

68 

(n-C4H9)2SnCl2 ‘phenan 

200° 

69 , 70 

(n-C 4 H 9 ) 2 SnBr 2 - phenan 

199°-201° 

69 


199°-200° 

70 

(n-C 4 H 9 ) 2 SnI 2 ‘phenan 

234°-236° 

70 

{«-C 8 Hi 7 ) 2 SnCl 2 ‘phenan 

101° 

70 

(C 6 H 5 ) 2 SnCl 2 ‘phenan 

235°(dec) 

69 , 70 

CHsSnCld * phenan 

— 

67 

(CH3)2Sn(oxin)2 ® 

236.5°-238° 

72 


231°-233° 

68 

(C2H5)2Sn(oxin)2 

177°-178° 

72 


167°-168° 

68 

(«-C3H7)2Sn(oxin)2 

162M63° 

72 


151°-153° 

68 

(«-C4H9)2Sn(oxin)2 

154.5°-155.5° 

71 


155°-156° 

72 


150°-152° 

68 

(*-C4H9)2Sn(oxin)2 

188°-189° 

72 

(«-C8Hi7)2Sn(oxin)2 

78°-79° 

72 

(C6H5CH2)2Sn(oxin)2 

118°-120° 

72 

(C0H5)2Sn(oxin)2 

231°-233° 

71 


— 

65 


251°-252° 

68 

[(C6H5)2Sn][(CH2=CH)3Sn]2(CioHi2N208)‘^ 

— 

73 

[(C6H5)2Sn]H2(Cl0Hl2N2O8) 


74 


® bipy = 2,2'-bipyridyl. 

^ phenan = 1,10-phenanthroline. 

® oxin = 8-hydroxyquinolinate. 

^ C 10 H 12 N 2 O 8 = ethylenediaminotetraacetate. 
« Sublimes at 140®C/0.01 mm. 
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have been prepared in recent years. Triphenyltin oxinate has also been 
prepared. Its UV spectrum in alcoholic solution indicated no chelation for 
the oxine and tetrahedral coordination at tin (64, 65). However, West et aL 
(66) found that in isooctane the spectrum observed is that expected for the 
chelated oxine, indicating that the tin is five-coordinate. 

The organotin chelate complexes with tin-nitrogen bonds are listed in 
Table VI. Included are a few complexes of ethylenediaminetetraacetic acid 
described recently. 


C. Substituted Amines 

1. Nomenclature 

Wiberg et aL (55, 75, 76) only prepared compounds with one tin atom per 
molecule. They regard these compounds as substituted metal amides. Some 
examples of their nomenclature are given here: 

(CH3)aSnN(CH3)2 trimethyltin dimethylamide 

Sn[N(C2H6)2]4 tin tetrakisdiethylamide 

Jones and Lappert (56, 77) favor an organic nomenclature and call the 
first of these compounds dimethylaminotrimethylstannane. As the term 
“amide” suggests the presence of a -C(0)N\ group and may cause con¬ 
fusion with compounds such as the substituted formamides to be discussed 
later, the present authors favor the organic nomenclature but, in accordance 
with present usage, prefer the ending “tin” to “stannane.” The organic 
nomenclature is equally suited to denote compounds with more than one 
tin atom joined to the same nitrogen atom. In this case, however, since the 
organotin radical is regarded as a substituent, the ending “stannyl” is 
preferred to “tin.” 

2. Preparation 

Tin compounds of the general formula R„Sn(NR' 2 ) 4 ^«, in contradistinc¬ 
tion to the corresponding compounds of silicon and germanium, cannot be 
prepared by aminolysis of tin tetrahalides or organotin halides. This is due 
to the fact that in the case of tin the initially formed complex compounds are 
highly stable. The above compounds are, however, formed in good yields 
from organotin halides and lithium dialkylamides. Rieger (75) assumes a 
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stepwise replacement of halogen atoms by dialkylamino groups via complex 
formation, e.g., 

SnCl4 + 2LiN(C2H5)2 -► Li2{SnCl4[N(C2H6)2]2} -► Li{SnCl3[N(C2H6)2]2} + LiCl 
and eventually 

Li2{SnCl2[N(C2H6)2]4} Sn[N(C2H5)2]4 + 2LiCl 

Ether was used as a solvent, but an increase in yield was observed if 
toward the end of the reaction n-pentane was added. The latter solvent does 
not favor formation of polar complexes and, moreover, leads to precipitation 
of lithium chloride. Schmid has reported that during the preparation of 
lithium dialkylamides in ether, ether cleavage occurs with formation of 
lithium ethoxide (76), This gives rise to impurities which are difficult to 
remove. For the preparation of lithium diethylamide the use of the free 
amine as a solvent is recommended (76). The over-all reaction is represented 
by 

Li + iCioHe + HN(C2H6)2 - LiN(C2H6)2 + iCioHio 

Naphthalene Dihydronaphthalene 

The solvent and dihydronaphthalene are removed by distillation in high 
vacuum, and the remaining lithium diethylamide is used as a suspension in 
petroleum ether. Several other metal amides were tried, but lithium diethyl¬ 
amide is superior both to sodium and potassium diethylamide. When these 
three reagents were used the yields of diethylaminotrimethyltin amounted 
to 65, 35, and 17%, respectively (76). Silylstannylamines have also been 
prepared from trialkyltin chlorides and sodium bis(trimethylsilyl) amide (35). 

R8SnCl + NaN[Si(CH3)3]2 -► R3SnN[Si(CH3)8]2+NaCl 
R = CHb, «-C4He 

Diethylaminomagnesium bromide, prepared from ethylmagnesium bromide 
and diethylamine in tetrahydrofuran, can also be used as an aminating 
reagent (55). In a few cases a transamination reaction has been used to 
replace a diethylamino group already bound to tin by another amino group 
(76). Since in this transamination reaction diethylamine is removed by 
distillation, only heavier groups than diethylamine can be introduced by 
this method. Starting from diethylaminotributyltin Schmid in this way 
prepared diphenylaminotributyltin and iV,Ar'-bis(tributylstannyl)hydra 20 - 
benzene. 
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Transamination reactions have also been used (56) to prepare compounds 
in which several tin atoms are bound to the same nitrogen atom, e.g. 

2(CH3)3SnN(CH3)2 + RNH2 -> [(CH3)3Sn]2NR + 2(CH3)2NH 
R = CH3, C 2 H 6 

3(CH3)3SnN(CH3)2 + NH3 -> [(CH3)3Sn]3N + 3(CH3)2NH 


3(CH3)2Sn[N(CH3)2]2 + 3 C 2 H jNHj 


(CH3)2Sn 


/ 


C 2 H. 

I 

N- 


V 


-S^CH3)2 

^N—C2H5 + 6(CH3)2NH 
-Sn(CH3)2 


C 2 H, 


These transamination reactions differ from the foregoing in that secondary 
amines are displaced by primary amines or by ammonia. They are controlled 
by steric factors rather than by volatility {56a). 

Compounds of the general formula (R 3 Sn) 3 N have also been prepared by 
Sisido and Kozima (75) who used trialkyltin halides and lithium amide (in 
liquid ammonia, ether, or tetrahydrofuran) or sodamide (in liquid ammonia). 

3R3SnX + 3MNH2 -> (R3Sn)3N + 3MX + 2NH3 

Sodamide in liquid ammonia has also been employed to convert bis(tri- 
methyltin) oxide and trimethyltin phenoxide into tris(trimethylstannyl)- 
amine (79). 

In a third method for the preparation of compounds of formula (R 3 Sn) 3 N, 
lithium nitride is used. A reaction between this compound and organotin 
halides was first noted in 1961 (59), but the first compound prepared by this 
method, tris(trimethylstannyl)amine, was isolated only in 1964 (57). 

tetrahydro- 

3(CH3)8SnCl + Li3N->.[(CH3)3Sn]3N + 3LiCl 

furan 

A few less general methods of preparation remain to be mentioned. One 
is an exchange reaction between silicon and tin, the net result of which is 
given by 

(CH3)3SnBr + (CH3)3SiNH(C2H5) -> (CH3)3SnNH(C2H5) + (CH3)3SiBr 

In this reaction a crystalline complex was first formed, which when heated 
turned into an oil, bromotrimethylsilane being evolved. The corresponding 
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reaction with diethylaminotrimethylsilane did not proceed because of the 
extreme stability of the initially formed complex (m.p. 203°-206®C; 
sublimes in vacuo without decomposition). Abel et al. (54) explain this 


difference on steric grounds. Compare 


/C2H5 

(CH 3 ) 3 Si-^N(^ 

5 ” “ 

/C2H5 

(CH 3 ),Si— nC 

^CjHj 

Br-LSn(CH})j 

(CH3)3Sn—Br 

In the addition reaction between triethyltin hydride and N-benzyliden-/»- 
toluidine, benzyl-/>-tolylaminotriethyltin is formed {82y 83). 



X — 

(C3H.,)3SnH + -> 


Another addition reaction leading to an organotin-substituted amine was 


discovered by Noltes {84), From triphenyltin hydride and azobenzene, 
A’-triphenylstannyl-NjN'-diphenylhydrazine was obtained in good yield, 

(C6H5)3SnH + C,H5N NCjH, -► N\ 

HjiC6 ^6”? 

The corresponding addition product of triethyltin hydride could not be 
isolated, although its formation was demonstrated by infrared studies and 
hydrolysis experiments. 

An easy method for preparing 1,3-diphenyltriazene derivatives has 
recently been reported {85). Anhydrous stannic chloride or organotin 
chlorides are shaken with a slight excess of 1,3-diphenyltriazenido-silver in 
dry ether. The maximum number of 1,3-diphenyltriazenyl groups intro¬ 
duced in this way is two, e.g., 

(C6H5)2SnCl2 + 2 Ag(dpt) ^ (CflH5)2Sn(dpt)2 + 2 AgCl 
C6H5SnCl3 + 2 Ag(dpt) ^ C6H6Sn(dpt)2CI + 2 AgCI 



The known substituted amines are summarized in Table VII. 



420 


LUIJTEN, RIJKENS. and VAN DER KERK 


TABLE VII 

Organotin-Substituted Amines 


Compound 

M.p. 

(°C) 

B.p. 

CCImm) 

References 


R„Sn[N(CH3)2]4-« 



(CH3)3SnN(CH3)2 

— 

126°/760 

56 


— 

— 

53 


-79° 

128°/710 

75 

(CaH6)3SnN(CH3)2 

— 

76°/9 

56 

(«-C4H9)3SnN(CH3)2 

— 

86°/0.1 

56 

(C6H6)3SnN(CH3)a 

— 

166°/0.1 

56 

(CH3)2Sn[N(CH3)2]2 

— 

138°/760 

56 

(n-C4H9)aSn[N(CH8)2]a 

— 

72°/0.05 

56 

(C«H6)aSn[N(CH3)2]2 

— 

128°/0.2 

56 

CH3Sn[N(CH8)2]3‘» 

— 


53 


— 

45°-50°/l 

75 

fi-C4H9Sn[N(CH3)2]3 

— 

67°/0.1 

56 

Sn[N(CH3)2]4 

— 

51°/0.15 

56 


R„Sn[N(CaH6)3]4-» 



(CH3)3SnN(C2H8)2 

— 

156° 

75 


— 

— 

53 


Liquid 

156°~162°/760 

78 


— 

40°-45°/0.1 1 



— 

43°/l 1 

76 


— 

158°-162°/760j 



— 

162°» 

54 


— 

140°/720 

86 

(C2H8)3SnN(C2H6)2 

— 

114°-117°/23 

55 


— 

— 

53 


-126° 

225° 

75 

(«-C3H7)3SnN(C2H8)2 

— 

118°-120°/13 

55 

(«-C4H9)3SnN(C2H8)2 

— 

115°-120°/1 

75 


— 

115°-120°/h.v.c 

76 


— 

124°-134°/8 

55 

(C8H8)3SnN(C2H5)2 

About 40° 

165°-175°/0.1 

76 


40° 

170°/1 

75 


— 

120°-130°/1 

75 


— 

125°/1 

75 


40° 

165°-170°/0.1 

86 

(CH8)2Sn[N(C2H5)2]a 


80°-83°/0.1 

76 


— 

65°/0.1 

86 
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TABLE VII —continued 



M.p. 

B.p. 


Compound 

(“O 

CCImm) 

References 


(C2H6)2Sn[N(C2H6)2]2 

— 

— 

53 


-95° 

108°/1 

75 

(«-C4H9)2Sn[N(C2H6)a]2 

— 

95°-105°/0.1 

76 

(C 6 H 6 ) 2 Sn[N(C 2 H 6 ) 2]2 

-95° 

160°/1 

75 


— 

145°-150°/0.1 

86 

CH3Sn[N(CaH6)a]3 

— 

110°-130°/1«1 

75 


— 

120°/!“ J 


— 

92°/0.1 

86 

n-C4HeSn[N(CaH6)2]8 

— 

115°/1 

76 

C6H6Sn[N(C2H6)2]3 

— 

— 

53 


-92° 

128°/1 

75 


— 

130°/0.1 

86 

Sn[N(C2H5)2]4 

— 

110°-116°/0.1 

76 


— 

90°/0,l 

52 


— 

116°/1 

53, 75 


— 

116°/0.1 

86 


Other R„Sn(NR' 2 ) 4 - 

■n 


(CH3)3SnN(i-C3H7)2 

— 

63°/8 

56 

(CH3)2Sn[N(»-C3H7)2]2 

— 

66°/0.05 

56 

(CH8)8SnN(n-C4H9)2 

— 

74°/2.5 

56 

(CH8)8SnN(C6H6)2 

— 

128°/0.1 

56 

(n-C4H0)8SnN(C6H5)2 

— 

170°-175°/0.1 

76 

(CH8)8SnN[Si(CH8)3]2 

20°-’22° 

58°-59°/l 

35 

(n-C4H9)8SnN[Si(CH3)3]2 

— 

140°-145°/1 

35 


RaSnNR'R" 



(CH8)3SnNH(C2H5) 


153°** 

54 

(CH8)8SnNH(C6H5) 

— 

77°/0.05 

56 

(CH8)8SnN(CH3)(C6H6) 

— 

82°/0.1 

56 

/f> 

-CH 3 



/ — C- 

— 

142°/0.001 

83 


} 



CH 


28°/2 

29 
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TABLE VII —continued 


Compound 

M.p. 

(°C) 

B.p. 

(°C/mm) 

References 

[(CH3)3Sn]2NCH3 

(R3Sn)2NR' 

64°/3 

56 

[(CH3)3Sn]2NC2H5 

— 

93°/15 

56 

[(CHslsSnlaN 

(R3Sn)8N 

22°-24° 

133M34°/20l 

78 



130°/14 J 

70°/0.2 

56 


— 

84°/0.40 

81 


26°-28° 

— 

79 

[(C2H8)sSn]3N 

21°-22° 

192M94°/4 

78 

[(»-C3H7)3Sn]3N 

Liquid 

143M45°/0.6 

78 


Cyclic [R 2 SnNR']a 

C2H5 

N-SnlCHjlj 


(CHjljSn N—C 2 H 5 _ 10470.05 56 

N-Sn(CHj)2 

I 

C2H5 

1,2-Diphenylhydrazine derivatives 


(C*H5)jSn H 

/N—About 130° — 84 

HjCj CjHj 

(«-C 4 H,)jSn Sn(n-C«H9)3 

^N—N\ OU — 76 

HjC* CtH, 

1,3-Diphenyltriazen derivatives 

(Crfl8)sSn[N(C.H8)N=N(C.H6)] 85° — 85 

(CHs)aSn[N(C 6 H 8 )N=N(C.H 8)]2 164° — 85 

CrfIsSn[N(C 8 H 8 )N=N(C.H 8 )] 2 Cl 203° — 85 

Sn[N(C.H 8 )N=N(CeH 8 )] 2 Cl 2 190° — 85 


“ Not pure. 

1.4651. 

' High vacuum (rotating oil pump). 
■*»»?’= 1.4689. 
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3. Properties and Reactions 

The organotin amine compounds, with a few exceptions, are liquids. 
They are extremely sensitive toward moisture; when exposed to the air they 
immediately liberate amine or ammonia. Thermal stability on the other 
hand is good. Most compounds can be distilled without decomposition. 
From NMR studies it has been concluded (86) that the tin-nitrogen bond in 
diethylaminotin compounds is purely covalent. 

The tin-nitrogen bond is highly reactive, not only towards water, but also 
towards many other compounds. Thus tetraisopropoxytin has been pre¬ 
pared from tetrakis(diethylamino)tin and isopropanol in benzene (52). 
Schmid (76) systematically investigated the reactions of diethylaminotin 
compounds with compounds containing positive or negative hydrogen. 
This work has been extended by Jones and Lappert (77, 77a) who moreover 
mention some addition reactions (56, 77, 77b). 

Kula et al. (87) have thoroughly studied the reactivity of the tin-nitrogen 
bond in diethylaminotin compounds toward hydrides. Whereas no reaction 
is reported to occur with the nucleophiles lithium hydride, sodium boro- 
hydride, or lithium aluminum hydride (76), Kula et al. observed cleavage 
of the tin-nitrogen bond by dibutylaluminum hydride and by diborane 
with formation of organotin hydrides. These workers conclude that for the 
stability of the tin-nitrogen bond bonding is decisive. If, as is the case 
in the reaction with dibutylaluminum hydride and diborane, the lone 
electron pair of the nitrogen is attacked by an electrophilic reagent the tin- 
nitrogen bond is broken. 

Hydrogenolysis of the tin-nitrogen bond in iV-triphenylstannyl-A^,A^'- 
diphenylhydrazine by triphenyl tin hydride has been observed (84). In this 
case hexaphenylditin and hydrazobenzene were formed. 

Very recently a number of ditin and tritin compounds and some cyclic 
polytin compounds have been prepared from diethylaminotin compounds 
and organotin hydrides (88). 

(«-C4H9)3SnN(C2H5)2 + (C2H5)3SnH ^ («-C4H9)3SnSn(C2H5)3 + HN(C2H5)2 

This reaction closely resembles that between (V-phenylformamido)tin 
compounds and organotin hydrides (see Section III, D). 

In studies of the thermal decomposition of some diethylaminotin 
compounds it was found that pure diethylaminotrimethyltin is stable up to 
300° C (76). The addition of a trace of lithium diethylamide, however, 
caused severe decomposition at 250° C. Bis(diethylamino)dimethyltin is less 
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Stable. The pure compound decomposes above 270® C with the formation of 
diethylamine, tetramethyltin, tin, and polymeric products. 

A summary of the reactions of organotin amine compounds is given in 
Table VIII. 

D. Substituted Amides and Related Compounds 

The oldest known compounds coming under this heading are organotin 
sulfonamides and organotin-substituted imides. In 1952 a patent appeared 
(89) describing the preparation of compounds of the general formula 
(n-C4H9)2Sn(NRS02R')2. These were obtained from the reaction between 
dibutyltin dichloride and the sodium derivatives of sulfonamides. One 
tributyltin compound was mentioned as well, viz. tributyltin iV-ethyl-/)- 
toluenesulfonamide. The compounds were claimed to be heat stabilizers for 
halogen-containing resins, e.g., polyvinyl chloride. Triethyltin methane- 
sulfonamide and />-toluenesulfonamide have been prepared in a similar 
way (90), 

Related to the above-mentioned compounds, in the sense that they contain 
a tin atom linked to an “acid*’ nitrogen atom, are iV-triethylstannyl- 
phthalimide and iV-triethylstannylsaccharin prepared directly from triethyl¬ 
tin hydroxide and phthalimide or saccharin, respectively (91), All these 
compounds are reasonably stable to hydrolysis. They can be kept in contact 
with the atmosphere without decomposition. 

Addition reactions of organotin alkoxides and distannoxanes with 
compounds containing multiple carbon-nitrogen bonds affording a variety 
of organotin-nitrogen compounds have been reported (92), The first 
reactions of this kind studied were additions of trialkyltin alkoxides to alkyl 
and aryl isocyanates, e.g., 

(«-C4H9)3SnOCH3-|-l-CioH7N=C=0 ^ («-C4H9)3SnN(l-CioH7)C(0)OCH8 

Methyl -^-tributylstannyl--^- 
(1 -naphthyl)carbamate 

The reaction of tributyltin methoxide with isothiocyanate was reported to 
lead to the corresponding thiocarbamate. It is worthy of note that the adduct 
of triethyltin hydride and phenyl isothiocyanate contains a tin-sulfur rather 
than a tin-nitrogen bond (93, 94), 

All the above reactions proceed exothermally at room temperature. The 
reaction products are sensitive to protic reagents. Alcohols cleave the tin- 
nitrogen bond with regeneration of organotin alkoxide. On this basis the 



TABLE VIII 


Reactions of Organotin-Substituted Amines 


Tin amine compound 

Reagent 

Product 

Yield 

(%) 

References 

Sn[N(C2H5)2]4 

(CH3)2CH0H 

Sn[OCH(CH 3 ) 2]4 

75 

52 

(fI«C4H9)3SnN(C2H5)2 

HCl 

(w-C4H9)3SnCl 

— 

76 

(fI-C4H9)3SnN(C2H5)2 

HN 3 

(w-C4H9)3SnN3 

85 

76 

(fI-C 4 H 9 ) 3 SnN(C 2 H 5)2 

C 2 H 5 OH 

(n-C4H9)3SnOC2Hs 

98 

76 

(CH 3 ) 2 Sn[N(C 2 H 5 ) 2]2 

C 2 H 5 OH 

(CH3)2Sn(OC2H5)2 

97 

76 

n-C4H9Sn[N(C2H5)2] 3 

CH 3 OH 

«-C4H9Sn(OCH3)3« 

92 

76 

(CH 3 ) 2 Sn[N(C 2 H 5 ) 2]2 

CH 2 OHCH 2 OH 

[(CH3)2Sn0CH2CH20]„ 

97 

76 

(fI-C4H9)3SnN(C2H5)2 

CeHsOH 

(«-C4H9)3SnOC6H5 

73 

76 

(n-C4H9)3SnN(C2H5)2 

CH 3 CH 2 COOH 

(«-C4H9)3SnOCOCH2CH3 

70 

76 

(fi-C4H9)3SnN(C2H5)? 

CH3(CH2)iiSH 

b 

— 

76 

(fI-C4H9)3SnN(C2H5)2 

C 6 H 5 CH 2 SH 

(w-C4H9)3SnSCH2C6H5 

85 

76 

(fI-C4H9)3SnN(C2H5)2 

(C6H5)2NH 

(w-C4H9)3SnN(C6H5)2 

65 

76 



HjC. C^Hs 



(n-C4H9)3SnN(C2H5)2 

CeHsNHNHCeHs 

.... >-~N< 

88 

76 


(/i-C4H9)3Sn Sn(C4H9-«)3 


(n-C4H9)2Sn[N(C2H5)2]2 

CsHsNHNHCgHs 

h 

— 

76 

(«-C4H8)aSnN(C2H5)2 

CH2(CN)2 

b 

— 

76 

(n-C4H9)2Sn[N(C2H5)2]2 

H 2 and Pt black or PdCh 

c 

— 

76 

(«-C4H9)3SnN(C2H5)2 

LiH or NaBH4 

c 

— 

76 

(«-C4H9)3SnN(C2H5)2 

LiAlH4 

(w-C4H9)3SnH 

d 

76 

(CH3)3SnN(C2H5)2 

(w-C4H9)2A1H 

(CH3)3SnH 

99 

87 
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TABLE VIII— continued 


Yield 


Tin amine compound 

Reagent 

Product 

(%) 

References 

(CH3)2Sn[N(C2H5)2]2 

(«-C4H9)2A1H 

(CH3)2SnH2 

42.6 

SI 

CH3Sn[N(C2H5)2]3 

(n-C4H9)2AlH 

CHsSnHs 

29.1 

SI 

(CH3)3SnN(CH3)2 

B 2 H 6 

(CH3)3SnH 

78.2 

SI 

(CH3)2Sn[N(C2H5)2]2 

B 2 H 6 

(CH3)2SnH2 

98.4 

SI 

(«-C4H9)3SnN(C2H5)2 

B 2 H 6 

(«-C4H9)3SnH 

94.4 

SI 

(C6H5)2Sn[N(C2H5)2]2 

B 2 H 6 

(C6H5)2SnH2 

33.5 

SI 

Sn[N(C2H5)2]4 

B 2 H 6 

SnH4 

20.0 

S7 

(CaH5)3Sn H 

>-nC 

(C6H5)3SnH 

(C6H5)3Sn Sn(C6H5)3 

94 

S4 

HjCa CjH, 

R3-2Sn[N(C2H5)2]l~2 

R3-2SnHi-2 

Di-, tri-, and polytin compounds 

>65 

SS 

(CH3)3SnN(CH3)2 

(C6H5)2AsH 

(CH3)3SnAs(C6H5)2 

e 

77 

(CH3)3SnN(CH3)2 

(C6H5)2PH 

(CH3)3SnP(C6H5)2 

e 

77 

(C2H5)3SnN(CH3)2 

(C6H5)2PH 

(C2H5)3SnP(C6H6)2 

e 

77 

(CH3)3SnN(CH3)2 

CeHsC^CH 

(CH3)3SnC=CC6H5 

e 

77 

(CH3)3SnN(CH3)2 

CH3CH2CH2C=CH 

(CH3)3SnC^CH2CH2CH3 

e 

77 

(CH3)3SnN(CH3)2 

CH3(CH2)3C^CH 

(CH3)3SnC=C(CH2)3CH3 

e 

77 

(C2H5)3SnN(CH3)2 

CeHsfeCH 

(C2H5)3SnC=CC6H6 

e 

77 

(C6H5)3SnN(CH3)2 

CflHsC^H 

(C*H5)3SnC^CCeH5 

e 

77 

(CH3)3SnN(CH3)2 

Cyclopentadiene 

(CH3)3SnC5H5 

e 

77 

(C6H5)3SnN(CH3)2 

Cyclopentadiene 

(C6H5)3SnC5H5 

e 

77 

(C6H5)3SnN(CH3)2 

Indene 

(C6Hs)3SnC9H7 

e 

77 

(CH3)3SnN(CH3)2 

C02 

(CH3)3Sn0C(0)N(CH3)2 

/ 

56 

(CH3)3SnN(CH3)2 

CS 2 

(CH3)3SnSC(S)N(CH3)2 

/ 

56 
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(CH3)3SnN(CH3)2 


CeHsNCO 


(CH3)3SnN(CH3)2 CsHsNCS 


(CH3)3SnN(C2H5)2 /)-CH3C6H4NCNC6H4CH3-/) 


(CH3)3SnN(CH3)2 CeHsCN 

[(CH3)3Sn]3N CHgLi 


“ Probably partially polymeric. 
^ Isolation not successful. 

® No reaction. 


56 


(CH3)3Sn 

\ 




NCN(CH3)2 

II 

o 


/ 



^ Poor yield, 

* Nearly quant, yield. 

^ Good yield ( > 65%). 


lO 
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catalytic influence of organotin compounds on the formation of poly¬ 
urethanes from diols and diisocyanates is explained. 

In a second paper further addition reactions of organotin alkoxides and 
some bis(trialkyltin) oxides are reported (95), Some of these lead to the 
formation of compounds with tin-nitrogen bonds, viz. 

(n~C4H9)3SnOCH3 + CbCC^N ^ («-C4H9)3SnN=C(CCl3)OCH3 

Trichloroacetonitrile Methyl iV-tributylstannyltrichloroacetimidate 

(w-C4H9)3SnOCH3 + (l-CioH7)N=-C-=N(l-CioH7) 

Di-1 -naphthy Icarbodiimide 

^ (w-C4H9)3SnN(l-CioH7)C(OCH3)=N(l-CioH7) 
JV-T ributy Istanny 1-iV, JV '-di-1 -naphthyl- O-methy lisourea 

(ti-C3H7)3SnOSn(w-C3H7)3 + C6H5N=C=0 
Phenyl isocyanate 

^ (n-C3H7)3SnN(C6H5)C(0)0Sn(«-C3H7)3 

Tripropyltin iV-tripropylstannyl-iV-phenylcarbamate 

(«.C4H9)3SnOSn(w-C4H9)3 + (l-CioH7)N=C=N(l-CioH7) 

^ (w-C4H9)3SnN(l.CioH7)C[OSn(n-C4H9)8]=N(l-CioH7) 
iV-Tributylstannyl-iVjiV'-di-l-naphthyl-O-tributylstannylisourea 

Noltes and Janssen (95, 94 ) have prepared a number of formamide 
derivatives by the addition of organotin hydrides to organic isocyanates. 
Triethyltin hydride, for example, reacts at room temperature with an 
equimolecular amount of phenyl isocyanate to give triethyl(A^-phenyl- 
formamido)tin. 

(C2H6)3SnH -h CeHsNCO ^ (C2H5)3SnN(C6H6)C(0)H 

T riethy l(iV-pheny lformaniido)tin 

The reaction was also carried out with functionally substituted phenyl 
isocyanates and with ^-phenylene diisocyanate. The reaction of diethyltin 
dihydride with phenyl isocyanate affords a compound with two phenyl- 
formamido groups attached to one tin atom. 

(C2H5)2SnH2 + 2CaH5NCO ^ (C2H6)2Sn[N(CeH6)C(0)H]2 

Diethylbis(JV-phenylformamido)tin 

Aliphatic isocyanates, like n-hexyl isocyanate, react in the same manner 
(96). The structure of the addition products was determined by IR, UV, and 
NMR techniques. 
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The A^-phenylformamido group in these compounds is easily cleaved by 
hydrolysis, A^-phenylformamide and an organotin hydroxide being formed. 
The tin-nitrogen bond is also broken by triphenyltin hydride. The products 
are TV-phenylformamide and a compound containing a tin-tin bond, e.g., in 
the case of triethyl(A^-phenylformamido)tin, l,l,l-triethyl-2,2,2-triphenyl- 
ditin. 

(C2H5)3SnN(C6H5)C(0)H + (C0H5)3SnH 

^ C6H5NHC(0)H + (C2H5)3SnSn(C0H5)3 

1,1,1 -Triethyl-2,2,2-triphenyldi tin 

It is clear that if organic isocyanates are treated with excess of triphenyltin 
hydride, A^-substituted formamides and hexaphenylditin are the only 
reaction products [cf. (97)]. 

The hydrogenolysis reactions of (A^-phenylformamido)tin compounds are 
not only suited to the preparation of ditin compounds, but also to the 
synthesis of a wide variety of compounds containing more than one tin-tin 
bond. Very recently Creemers et al, (98) published the first results of work 
in this area. 

R3SnN(C0H5)C(O)H + (C6H5)3SnH ^ R3SnSn(C6H5)3 +C6H5NHC(0)H 
R = CHs, C 2 H 5 , n-C4H9, n-CsHn 


Two different types of mixed tritin compounds result from the reactions 

2R3SnN(C6H5)C(0)H + (C6H5)2SnH2 ^ R3SnSn(C6H5)2SnR3 + 2C6H5NHC(0)H 
R = CH 3 , C 2 H 5 , M-C 4 H 9 , Ji-CaHi? 

and 

R2Sn[N(C6H5)C(0)H]2 + 2(C6H5)3SnH ^ (C6H5)3SnSnR2Sn(C6H5)3 + 2C6H5NHC(0)H 

R = C 2 H 5 , n-C4H9 

A fully arylated compound, viz. octaphenyltritin, was also prepared by this 
method. 

Tris(trialkylstannyl)phenyltin derivatives—tetratin compounds with a 
branched structure—were obtained thus: 

3R3SnN(C6H5)C(0)H + C6H5SnH3 ^ (R3Sn)3SnC6H5 + 3C6H5NHC(0)H 
R — C 2 H 5 , «-CaHi7 
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The synthesis of a polymeric product consisting of alternate diethyl- and 
diphenyltin groups was realized by the reaction 


n(C2H5)2Sn[N(C6H3)C(0)H]2+n(C6H5)2SnH2 


C 2 H 5 CfiHs 1 


1 


n 


—Sn-Sn— 

I I 

C2H5 QHj 


+ 2nC6H5NHC(0)H 


n 


The scope of this synthetic method was considerably enlarged when it 
was found (99) that 1 mole of a mono(A^-phenylformamido)tin compound 
reacts with 1 mole of a dialkyl- or diaryltin dihydride to give an organoditin 
monohydride. 

R3SnN(C6H5)C(0)H + R'2SnH2 R3SnSnR^2H + C6H5NHC(0)H 


These ditin monohydrides have proven to be capable of many interesting 
transformations. 

Noltes {96) recently reported the synthesis of a number of N-trialkyltin- 
substituted acylamides and carbamates by the reaction of trialkyltin 
alkoxides with the corresponding NH derivatives. At elevated temperatures 
(150°-160°C) such reactions proceed in excellent yields (67-90%), The 
formation of N-triethylstannylacetanilide is given as an example. 


(C2H6)3Sn0CH3 + C6H5NHC(0)CH3 (C2H5)3SnN(C6H5)C(0)CH3 + CH30H 

The products obtained from the reaction between triethyltin methoxide 
and N-hexyl- or N-phenylformamide were found to be identical with those 
obtained previously by addition of triethyltin hydride to the corresponding 
isocyanates (9J, 94). The organotin-substituted carbamates obtained by the 
amidolysis reaction and those obtained by the addition of triethyltin 
methoxide to the corresponding isocyanate are, likewise, identical. 

It may be remarked that the reaction of triethyltin methoxide with the 
corresponding thioacylamides or thiocarbamates affords products con¬ 
taining a tin-sulfur rather than a tin-nitrogen bond. 

Another addition reaction important in this connection in that between 
triethyltin hydride and diethyl azodicarboxylate (84). Eouimolecular 
amounts of these reactants in hexane solution spontaneously give on the 
one hand the reduction product diethyl hydrazinedicarboxylate and on the 
other hand a compound containing two triethyltin groups. It is assumed 
that the primary addition product very readily disproportionates. 
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2(C2H5)jSnH + 2 C 2 H 50 C( 0 )N=NC( 0 ) 0 C 2 H 5 


[ (C2H5)3Sn H 1 

>N-N< 

C2H5OCO OCOCjHjJ 


(C2H.O3.Sn S 

^N—+C 2 H 50 C( 0 )NH—NHC( 0 ) 0 C 2 H 5 
C2H.,0C0 OCOC2H., 

N, A^'-Bis(triethylstannyl)-A^,A^'-di(ethoxycarbonyl)hydrazme 


>(C2H5)3 


As in the A^-phenylformamido compounds the tin-nitrogen bond in this 
hydrazine derivative is readily hydrolyzed by water and hydrogenolyzed by 
triphenyltin hydride. 

The organotin-substituted amides and related compounds are listed in 
Table IX. 

TABLE IX 

Organotin-Substituted Amides and Related Compounds 



Substituted amides 


(C2H5)3SnN(n-C6Hi3)C(0)H 

(C2H5)3SnN(C6H5)C(0)H 

(n.C4H9)3SnN(C6H5)C(0)H 

(C2H5)3SnN(C0H4Cl./))C(O)H 

(C2H5)3SnN(C6H4N02-/))C(0)H 

(C2H5)2Sn[N(C6H5)C(0)H]2 

(C2H5)3SnN -J V-NSn(C2H5)3 


OCH OCH 

(C2H5)3SnN(C6H5)C(0)CH3 


— 

105°-106°/0.1« 

93, 94 

— 

105M09°/0.3^ 

96 

50°-53° 

171°-172°/13 

93, 94 

56°-58° 

110°/0.3 

96 

64” 

170°/0.1 

94 

lT-19^ 

120M22”/0.1 

94 


— 

94 

Cryst. 

— 

94 

191M95° 

— 

94 

46°-48° 

111M12”/0.15 

96 



Substituted imides 

iv-ir 

113.SM14® 
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TABLE IX —continued 


Compound 


M,p. B.p, 

(°C) (°C/mm) References 


Sulfonamides 


(C2H6)8SnNHS02CH8 

00 

0 

— 

90, 91 

(«-C4H0)2Sn(NHSO2C0Hi3)2 

— 

— 

89 

(«-C4H9)2Sn(NHS02C6H6)2 

135M37° 

— 

89 

(«-C4H9)2Sn[N(«-C4H9)S02C6H5]2 

— 

— 

89 

(C2H6)8SnNHS02C«H4CH3-/) 

69.5°-7r 

— 

90, 91 

(«-C4H9)2Sn(NHS02C6H4CH8-/))2 

— 

— 

89 

(«-C4H9)3SnN(C2H5)S02C6H4CH3-/) — 200°/l ,5 

Carhamic acid and tkiocarhamic acid derivatives 

89 

(C2H6)8SnN(«-C4H9)C(0)OC2H6 

— 

57.5°/0.01 

92 

(C2H6)8SnN(«-C6Hi8)C(0)0CH3 

— 

92°-93°/0.2« 

96 

(C2H5)8SnN(CaH8)C(0)0CH8 

— 

lOSMOSW** 

96 

(«-C4H9)8SnN(C6H5)C(0)OCH3 

— 

99M00°/0.01 

92 

(C2H5)3SnN(l-CioH7)C(0)OC2H6 

00 

0 

0 

108°/0.05 

92 

(«-C4H9)8SnN(l -CioH7)C(0)OCH3 

— 

120°/0.01 

92 

(«-C8H7)8SnN(C6H8)C(0)0Sn(«-C3H7)3 

— 

— 

95 

(«-C4H9)3SnN(C6H5)C(S)OCH3 — 

An imido ester 

(«-C4H9)3SnN = C—CCI 3 

68°/0.02 

92 

1 

0 CH 3 

Urea and thiourea derivatives 


95 

(C2H6)3SnNHC(0)NH3 

— 

— 

50 

(CH3)3SnN(CeH5)C(0)N(CH8)2 

— 

103°/0.5 

56 

(CH3)3SnN(C6H8)C(S)N(CH3)2 — 

Isourea derivatives 

Liquid 

77 
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TABLE IX —continued 


Compound 

M.p. 

(“C) 

B.p. 

CCImm) 

References 

Guanidine^ amidine^ and carhodiimide derivatives 


(CHjh.Sn. 

)N—C—N(C2H,)2 

— 

168 °/ 0.1 

77 

(CH3)3SnN=C—N(CH3)2 

— 

79 °/ 0.2 

77 

1 

C«Hs 

(C«H6)3SnN=C=NSn(C6H5)3 

99 *^- 100 . 5 ° 

— 

100 

Hydrazine derivatives 



(CiH,)jSn.. /SnICjHs), 

>N-N< 

C2H5OCO OCOC2H5 

— 

156 °/ 0 . 1 ' 

84 


“ n?? = 1.4910. nl? = t .5388. 

o «§> = t.4918. *«g’ = 1.4998. 

‘n^= 1.4784. 


£. Substituted Heterocycles 

1. Introduction 

Only a relatively few organotin-substituted heterocycles are known as 
compared with the large number of organotin-substituted aliphatic and 
aromatic compounds. Those described in this section, i.e. compounds with 
an organotin group joined to a nitrogen atom which is contained in a ring, 
were unknown until 1962.® In that year Luijten, Janssen, and Van der Kerk 
(J, 42) reported the preparation and properties of a number of these 
compounds. 

From this study it appeared that two types must be distinguished, one 
resembling the substituted amines and sensitive toward water, the other 

® The results reported in this section represent a summary of investigations carried out 
at the authors* institute. 
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unexpectedly stable toward this reagent. The sensitive compounds are 
triorganotin derivatives of pyrrole, pyrazole, and benzpyrazole and some 
compounds in which two heterocyclic residues are bound to tin. The stable 
ones are triorganotin-substituted imidazole, 1,2,3- and 1,2,4-triazole, and 
condensed imidazoles and triazoles. The occurrence in the stable compounds 
of two nitrogen atoms in a 1,3-position led to the supposition that the 
stability might be due to the complexing ability of the second nitrogen atom 
with formation of a coordination polymer with pentacoordinated tin. 
Infrared spectroscopy and X-ray analysis have largely confirmed this 
prediction. 

2. Preparation 

Apart from a few instances (N-triphenylstannylpyrrole, N-trimethyl- 
stannylimidazole) in which a Grignard procedure was used, three major 
methods of preparation were employed in the synthesis of the organotin- 
substituted heterocycles {100), Schematically they can be represented by 
the following equations (R' = heterocyclic radical): 

In liquid 

RsSnCl + NaR' (or KRO-^-RaSnR' + NaCl (or KCl) (1) 

ammonia 

Azeotropic distillation 

(R3Sn)20 + 2HR'-;-• ZRaSnR' + H 2 O f (2) 

with benzene 
In acetone 

(R3Sn)20 + 2HR'-• 2R3SnR'j + H 2 O (3) 

at room temp. 

Method (1) had to be applied when no organotin oxide or hydroxide, but 
only the halide was available, and also in the case of benzpyrazole. All 
trimethyltin derivatives were prepared by this route, because at the time no 
suitable method was known for the preparation of trimethyltin hydroxide. 
A convenient method of preparation of this compound has recently been 
found {101), 

Method (2) proved to be the most suitable for preparing tributyltin 
derivatives which generally have low melting points and are too soluble in 
acetone to permit their preparation by Method (3). 

The triphenyltin derivatives, A^-tripropylstannylimidazole and A^-tri- 
butylstannylbenzimidazole are very easily prepared by Method (3) which 
consists of a simple mixing of acetonic solutions of the starting materials and 
filtering off the precipitate formed. 

Data on the organotin-substituted heterocycles are collected in Table X. 
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TABLE X 

Organotin-Substituted Heterocycles 


Compound 


M.p. B.p. 

(°C) (°C/mm) tij) References 


(CH3)3SnN 


(«-C4H9)3SnN 


(C6H5)3SnN 


N=, 
/ 


(«-C4H9)3SnN 


/=N 

(CH3)3SnN^_I 


/=N 


(fi-C3H7)3SnN 


/=N 


(«-C4H9)3SnN 


/=N 


(C6H5)3SnN 


/ 

(C^H.OjSnN 


.N=N 


/=N 


(CH3)3SnN 


203.2°-204° 


234°-236® 

235°-238°(dec) 
152M54‘^ 

149°-150° 

65°-67° 

64°-64,5° 

304"-305.5^ 

310"-3ir 

311°-313°(dec) 


101.5M02°/17 1,5302 100 

139M41°/0.62 1.4952 100 

— — 100 

98M02®/0.04 1.4995 100 

— ^3,42 

— — 100 

— ^3,42 

— — 100 

— — 42 

— — 100 

— — 42 

~ — 100 

— — 100 
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TABLE X —continued 


Compound 


M.p. B.p. 

C’C) (°C/mm) Hi? References 


(n-C4H9)3SnN I 

N=l 

"(dl 

SnlN I 

=N 

J 


(C2H5)2Sn( 


(n-C4Hq)2i^n 


(C6H5)3SnN 

N 


/=N 


(C2H5)3SnN 


N" 


NH 2 



277‘^«278° 

— 

— 

3 

277°-278°(dec) 

— 

— 

42, 100 

66*’-7r 

— 

— 

3, 42,100 

Infusible 

—* 

— 

100 

Dec at 240^ 

— 

— 

100 

294^-295,5*=^ 

— 

— 

42,100 

196^-197° 


— 

100 

— 

124°-128°/0.002 

1.5376 

100 

Subl. > 200*^ 

— 

— 

3, 42,100 

137.5M39° 

— 


3, 42,100 

Dec at 298° 



42, 100 
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TABLE X —continued 


Compound 


M.p. B.p. 

(°C) (°C/mm) «i) References 



221.5°-223° 



221.5"-223° (dec) 


78°-88* 


270.5°-272‘’ 


(«.C4H9)3SnN 


/N=N 


2H30C^0 


‘c=c 


64.5°-67« 


\ 

COOCiH; 


3 


42,100 


3, 42,100 


42,100 


102 


3. Properties 

The organotin-substituted heterocycles, with the exception of the 
trialkylstannylpyrroles and -pyrazoles, are well-crystallized solids, the 
tributyltin compounds having low melting points. 

As already stated in Section III A, trialkyl-and triaryltin derivatives of pyr¬ 
role, pyrazole, and benzpyrazole are decomposed by water. The same holds 
for a few compounds in which two 1,2,4-triazolyl groups are bound to tin. In 
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sharp contrast is the high stability of triorganotin-substituted imidazole, 
1,2,3- and 1,2,4-triazole, benzimidazole, and 1,2,3-benztriazole, This is 
perhaps best illustrated by the fact that N-trimethylstannylimidazole can be 
recrystallized from boiling water. The inertness toward water was some¬ 
times used to advantage to purify crude reaction products by washing with 
water to remove water-soluble impurities like sodium chloride, imidazole, 
etc. 

A peculiar property observed during the preparation of some tributyltin 
derivatives was the high viscosity of benzene solutions of these compounds. 

4. Structural Consideratious 

Physicochemical examination of the above compounds began with a 
closer study of the action of water {42), From the shape of the titration 
curves obtained by potentiometric titration of solutions of A^-trimethyl- 
stannylimidazole and A/^-trimethylstannyl-1,2,4-triazole, it was concluded 
that the compounds were completely hydrolyzed in aqueous solution. 
Consequently, the stability toward hydrolysis mentioned earlier has to be 
understood in terms of a stabilization of the crystalline state. 

All stable derivatives contain a radical with at least two nitrogen atoms, 
occupying 1,3-positions relative to each other. Nitrogen in any other position 
is not able to stabilize the organotin compound (pyrazole) or to destabilize it 
(1,2,3-benztriazole). Thus the crystal stabilization is probably due to the 
coordinating action of the second nitrogen atom. Since intramolecular 
coordination is sterically impossible, some kind of association has to be 
involved. 

Further information was obtained from a study of the infrared spectra in 
the potassium bromide region. Trimethyltin compounds normally give rise 
to two Sn—C vibrations at about 500 and 550 cm“\ belonging to the 
symmetrical and the asymmetrical Sn—C stretching vibrations of tetra¬ 
hedral molecules, respectively {103y 104), Only one band (near 550 cm“^) 
is expected, however, for the planar (CH 3 ) 3 Sn configuration. Thus absence 
of the 500 cm“' band in trimethyltin fluoride and acylates (103) has been 
used as evidence for the occurrence of planar (CH 3 ) 3 Sn+ ions in these 
compounds. 

iV-Trimethylstannylimidazole and -triazole showed only the 550 cm~* 
band, whereas N-trimethylstannylpyrrole clearly showed both bands. 
Consequently, in the former compounds a planar configuration of the 
methyl groups around the tin atom has to be assumed. 
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Instead of the ionic structure of Okawara et a/., Luijten et ah {42) proposed 
a structure with pentacoordinated tin, in which two axial positions are 
occupied by the nitrogen atoms of imidazole units. Schematically this may 
be represented as follows: 


—N 




N—Sn—N0>4~Sn— 


/\ 

R R 




/\ 

R R 


The validity of this hypothesis has been checked by X-ray analysis. 

Next, the possible existence of coordination polymers in solution was 
investigated (43). The viscosity of solutions of A^-tributylstannylimidazole 
and A/'-tributylstannyl-1,2,4-triazole in toluene was found to be highly 
dependent on concentration. No viscosity increase was found, however, for 
N-tributylstannylpyrrole and -pyrazole. Obviously, a coordination polymer 
is present in not too dilute solutions (> 0.5% or about 0.01 M) of the 
former organotin derivatives (Fig. 2). 



Fig. 2. The viscosity of solutions of organotin derivatives in toluene at 20.0° C: (a) N- 
tributylstannylimidazole; (b) A/^-tributylstannyl-1,2,4-triazole; (c) A^^-tributylstannyl- 
pyrrole and A/^-tributylstannylpyrazole. 

From experiments with competing complexing agents Janssen et ah {43) 
came to the tentative conclusion that the unusual stability of the coordina¬ 
tion polymers under consideration is due to additional d„ bonding through 
back-donation from the tin atoms towards the heterocyclic ligands. 
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IV 

LEAD 

The number of known organolead-nitrogen compounds is small. Never¬ 
theless representative compounds of the several possible classes are known. 

A few organolead complexes have been mentioned in the early literature. 
Pfeiffer et ah (105) found that diphenyllead dibromide, dichloride, and 
dinitrate crystallize from hot pyridine as (C6H5)2PbX2*4C5H5N. These 
complexes are stable when kept in a pyridine atmosphere. In air pyridine 
is lost with the formation of white powders which probably are complexes 
containing only two molecules of pyridine. Diphenyllead dibromide forms 
a complex with two molecules of ammonia when kept in a stream of dry 
ammonia at room temperature. This complex again is unstable: In air 
ammonia is gradually given off (see also ref. 106), 

An organolead chelate complex with lead-nitrogen bonds was recently 
examined (64), Diphenyllead bis(8-hydroxyquinolate), like the corre¬ 
sponding tin compound, probably has an octahedral structure. 

The first organolead-substituted amine, triethyl(r^c-butylamino)lead was 
patented in 1959 as a herbicide (107). It was prepared from triethyllead 
chloride and sodium rec-butylamide in refluxing benzene. On exposure to 
air it slowly hydrolyzes. The other two known substituted amines in addition 
to lead contain silicon and germanium, respectively. Trimethylplumbyl- 
bis(trimethylsilyl)amine (36) has been prepared by the reaction 

(CH3)3PbCI + NaN[Si(CH3)3]2 (CH3)3PbN[Si(CHa)3]2 + NaCl 

In a few papers the occurrence of tt bonding between germanium, tin, or 
lead and nitrogen has been discussed. Scherer and Schmidt (J5, 36) have 
compared the infrared spectra of the compounds (CH 3 ) 3 M^^N[Si(CH 3 ) 3 ] 2 . 
A shift was observed of the asymmetric Si—vibrations to higher frequen¬ 
cies in the order Si, Ge, Sn, and Pb. This was interpreted as a 

consequence of decreasing tt bonding in the M —N bonds in this sequence. 
From nuclear magnetic resonance spectra the same conclusion was drawn 
(J6, 37). Another interesting type of compound must be mentioned in this 
context, viz. the Group IVB organometallic azides {108y 109y 110). 

From trimethyllead chloride and lithium trimethylgermyl-methylamide 
the compound trimethylplumbyl-trimethylgermyl-methylamine has been 
prepared (29). 

(CH3)3PbCl + LiN[Ge(CH3)8](CH3) (CH3)8PbN[Ge(CHa)3](CH3) + LiCl 



Organometaliic Nitrogen Compounds 


441 


During the Second World War a number of triorganolead-substituted 
sulfonamides, phthalimides, and a sulfimide were prepared and tested as 
potential sternutators {Illy 112y 113), The methods of preparation included 
the reaction of triethyl- or tripropyllead chloride with the sodium derivative 
of a sulfonamide, and the reaction between triethyl- or tripropyllead 
hydroxide and a sulfonamide. Both reactions were generally carried out in 
ethanol, and the product was precipitated by the addition of water. This 
demonstrates the hydrolytic stability of these compounds. The phthalimides 
and the sulfimide were prepared from the organolead hydroxides. They 
show the same high hydrolytic stability. 

Two substituted imides, viz. A^-triethylplumbylphthalimide and -tetra- 
chlorophthalimide, and one substituted hydrazide, viz. A^-triethylplumbyl- 
phthalohydrazide, have been described in the patent literature as fungicides 
{114y 115), The imides were prepared from triethyllead hydroxide and 
phthalimide, or tetrachlorophthalimide in ethanol. A^-triethylplumbyl- 
phthalohydrazide (or iV-triethyllead-2,3-dihydro-l,4-phthalazinedione as 
it is called in the patent) was obtained from the reaction between sodium 
hydroxide, phthalohydrazide, and triethyllead chloride in water. The crude 
hydrazide is purified by precipitating it in ethanolic solution with water. 

Organolead-substituted heterocycles have been prepared by Willemsens 

{116y 118). 

The known organolead-nitrogen compounds have been summarized in 
Table XL 


TABLE XI 

Organolead-Nitrogen Compounds 



M.p. 

B.p. 


Compound 

(°C) 


References 


(C6H6)2PbBr2-4C5H6N 

— 

— 

105 

(C6H5)2PbCl2*4C5H6N 

— 

— 

105 

(C6H5)2Pb(N03)2 • 4 C 5 H 5 N 

— 

— 

105 

(C6H5)2PbBr2*2NH3 

— 

— 

105 

(C0Ha)2Pb(oxin)2 ® 

— 

— 

64 

(C2H5)aPbNHCH(CH3)C2H5 

— 

— 

107 

(CH3)8PbN[Si(CH3)3]2 

— 

0 

0“? 

00 

36 

(CH3)3PbN[Ge(CH3)3](CHa) 

— 

49°/2 

29 
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TABLE XI —continued 


Compound 


M.p. B.p. 

(°C) (®C/mm) References 





(C2H6)3PbNHS02CH3 

(«-C3H7)3PbNHS02CH3 

(C2H6)3PbN(C6H5)S02CH3 

[(C2H5)3PbN(C6H5)S02]2CH2 

(C2H6)8PbN(C6H5)S02CH=CH2 

(C2H5)3PbNHS02C6H5 

(n-C3H7)3PbNHS02C6H6 

(C2H6)3PbNHS02C6H4NH2-^ 


131° — 112 

— ~ 115 


112 


115 


114 


135° — 113 


130° 

— 

113 

97° 


113 

67° 

— 

113 

115.5° 


113 

(dec 180°) 

— 

113 

116°6 

— 

113 

132° 

— 

113 

96° 1 

93.5°-94.5° J 

— 

113 

171° 

— 

113 
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(n-C8H7)3PbNHS02C6H4NH2-/> 

lOU 

— 

113 

(C2H8)3PbNHS02C6H4CH3-o 

133*^ 

— 

113 

(C2H5)3PbNHS02C6H4CH3-/> 

127® 

— 

113 

(n-C3H7)3PbNHS02C6H4CH3-p 

o 

O 

1 

o 

O 

o 

— 

113 

(C2H5)3PbN(C6H5)S02C6H4CH3-p 

134° 

— 

113 

{n-C3H7)3PbN(C6H5)S02C6H4CH3-/) 

104° 

— 

113 

{C2H5)3PbN(CaH4Cl-/))S02C6H4CH3-/) 

111.5° 

— 

113 

{n-C3H7)3PbN(C6H4Cl-/))S02C6H4CH3-/) 

123° 

— 

113 

{C2H5)3PbN(CaH4Br-/))S02C6H4CH3-/> 

117° 

— 

113 


® oxin = 8-hydroxyquinolinate, 
^ When heated up slowly. 
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Alkyl-metal compounds 21, 22-25 
Alkylpentaboranes, properties 300-301 
Alkyltetraboranes 294-295 
TT-Allyl complexes 71-91 
Ammine complexes 
chromium 197-199, 208, 210 
iridium 244 
iron 224 

manganese 213, 221 
molybdenum 197-198, 208, 210 
nickel 247 
rhenium 223 

tungsten 197-198, 208, 210 
Arene metal complexes 150, 153, 154 
Arene metal tricarbonyls 211 
Arsine complexes, see also Bridged arsine 
complexes, Diarsine complexes 
chromium 204 
cobalt 237-238, 240-241 
iridium 245-246 
iron 224, 229-231, 234 
manganese 214, 217, 221 
molybdenum 204 
nickel 248 
osmium 236 
platinum 251 
rhenium 223 
rhodium 243 
ruthenium 236 
tungsten 204 
vanadium 195 

Azulene complexes 107-112, 113 


B 

Bonding 

carboranes 307-308 


ligands 186 
metal carbonyls 185 
organolithium compounds 371-380 
Borane-carbonyl (BHaCO) 290 
Borane-carbonyl (B 4 H 8 CO) 295-297 
Borane complexes 251 
Boranes 

BioHio2- derivatives 305-306 
BiaHia^- derivatives 305-306 
equilibrium with diboranes 283 
Borohydrides, organosubstituted 292-294 
reductions 267 
Bridged arsine complexes 
chromium 204, 209, 212 
iron 225, 234-235 
manganese 214, 222 
molybdenum 204, 209 
tungsten 204, 209 
Bridged phosphine complexes 
chromium 203-204, 209, 212 
cobalt 238, 243 
iron 225, 234-235 
manganese 214-215, 222 
molybdenum 203-204, 209, 212 
nickel 249 

tungsten 203-204, 209, 212 
vanadium 195 

Butadiene complexes 92, 103 

c 

Carbocyclic olefin complexes 53-62 
Carbonyl group, bonding to metals 185 
Carbonyls, formation from metal salts and 
alcohol 236-237, 247 

Carborane (1, 2-dicarbaclovododecaborane 
(12)) 315-354 

acid derivatives 323-327, 340 
alkenyl derivatives 322-323, 339 
chlorinated derivatives 319-320 
conversion to dicarbaundecaboranes 332- 
333 

derivatives 383-353 

electron-withdrawing characteristics 337- 
354 

Grignard reagents 321-322 
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isomers 317-318 
metallation 320-322 

phosphine derivatives 331-332, 343, 346, 
348-349 

polymers 333-334 
preparation 315-316 
rearrangements 334 

silicon derivatives 329-331, 341, 343-348, 
350 

structure 264, 316-319 
Carboranes 
bonding 307-308 
definition 264 

1.2- dicarbaclovododecaborane(12), see Car- 
borane 

l,7-dicarbaclovododecaborane(12), see Neo- 
carborane 

2.4- dicarbaclovoheptaborane(7) 311, 314 
dicarbaclovohexaboranes(6) 264, 309-311 

1.5- dicarbaclovopentaborane(5) 308-309 

2.3- dicarbahexaborane(8) 314-315 
dicarbaundecaborane(13) 315 
properties 312-315 

Chemical shifts, see also Nuclear magnetic 
resonance 

conversion factors 4 
reference standards 4 
theoretical calculation 2 
Chromium carbonyl derivatives 196-213 
diarsine complexes, halogenation 210-211 
photochemical reactions 196, 207 
Cobalt carbonyl derivatives 237-243 
halides 241-242 
nitrosyls 240-241 
organic derivatives 242-243 
phosphine complexes 237-243 
sulphur complexes 239-240 
Complex metal hydrides, reductions with 267 
Coupling constants, spin-spin 3, see also Nu¬ 
clear magnetic resonance 
Cycloheptadiene complexes 99 
Cycloheptatriene complexes 99 
Cyclohexadiene complexes 97-98 
Cyclohexadienyl complexes 129-132, 149 
Cyclooctatetraene complexes 99-100, 106, 
161 

Cyclooctatriene complexes 100, 156 
Cyclopentadiene complexes 94-96 
Cyclopentadienyl complexes 114-127 


Cyclopentadienyl manganese tricarbonyl, de¬ 
rivatives 221-223 
substitution 219-220 

Cyclopentadienyl metal carbonyl derivatives 
212-213 

Cyclopropane, platinum chloride complex 
26 

D 

Decarborane(14), derivatives 302-305 
Dehydroboration 272 
Dialkyl aluminium chlorides 5 
Diarsine (o-phenylenebis(dimethylarsine)) 
complexes 
chromium 204, 208 

halogenation 210-211 
iron 230, 231 
manganese 217 
molybdenum 204, 208 
halogenation 210-211 
nickel 249 
tungsten 204, 208 

halogenation 210-211 
vanadium 195 
Diborane 

equilibrium with borane 283 
exchange with alkyl- and arylborons 266- 
267 

reduction of organoboron esters 270 
Diboranes 265-290 
alcoholysis 273 

alkyl and aryl derivatives 266-273 
disproportionation 274 
exchange reactions 274 
hydrolysis 273 
Lewis-base adducts 278-283 
oxidation 274 
properties 284-288 
reactions 273-283 
Diene-metal complexes 105 
Dihydrocarboranes 312-315 

5,6-DimethylenebicycIo [2.2.1 ] heptene-2, 
metal carbonyl complexes 64 
Diolefin-metaf complexes 54-62, 63 
Dipyridyl complexes 
Group VI carbonyls 200, 208, 210 
halogenation 211 
manganese 213 
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palladium 250 
Divinyl mercury 35 

E 

Effective atomic number rule 182 
Electron deficiency 365-366 
Electronegativity, relation to chemical shift 
16 

Ethyl-metal derivatives 16-21 
Ethylene 

platinum chloride complex 48 
rhenium carbonyl complex 49 
rhodium cyclopentadienyl complex 49 
Ethyllithium 
mass spectrum 371-372 
structure 369-370 

Exchange of groups, studied by NMR 156- 
159 

Exchange reactions 

diborane and alkyl- or arylborons 266-267 
diboranes 274 

metal carbonyl derivatives 192-193 
nickel complexes 250 
organolithium compounds 381-383 


F 

Ferrocenes 

bridged 114, 135-149 
substituted 127-129, 135-149 
Fluoroalkyl-metal compounds 26, 27-29 
Fluorocarbon-metal derivatives 
fluoroalkenyl compounds 45, 46 
fluoroalkyl compounds 26, 27-29 
perfluoroacyl compounds 31 
perfluoroalkyl compounds 26, 27-29, 31, 
35 

perfluorophenyl compounds 43 
perfluorovinyl compounds 43-45 

G 

Germazanes 400, 406 


Germanium-nitrogen compounds 398-412, 
see also Organogermanium-nitrogen com¬ 
pounds 

Grignard reagent, constitution 158 

H 

Halogenogermanes 
adducts with nitrogen bases 398-400 
reactions with ammonia and amines 400- 
404 

Hydride complexes 
chromium 211 
iridium 245-246 
manganese 213-215, 217 
molybdenum 211 
nickel 247 
osmium 236-237 
rhodium 244 
ruthenium 236-237 
tungsten 211 
vanadium 195-196 

Hydroboration 270, 276-278 


I 

Infra-red spectra 

active vibrations in metal carbonyl deriva¬ 
tives 188-190 
alkyl diboranes 289 
diboranes 289 
metal carbonyls 187 
organolithium compounds 374-375 
Iridium carbonyl halides 244-247 
phosphine complexes 244-247 
oxygen adduct 245-246 
Iron carbonyl complexes 224-235 
cyclopentadienyl derivatives 234-235 
halide complexes 230-232 
nitrosyl complexes 229-230 
olefin complexes 233 
phosphine complexes 224-226,232, 234- 
235 

protonation 225 

reactions with Lewis bases 224-229 
sulphur derivatives 226-229, 239 
vinyl sulphide complex 37 
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L 

Lead-nitrogen compounds 440-443 
Ligands, order of TT-acceptor ability 191 
Lithium, organic derivatives 365-393, see 
also Organolithium compounds 
Lithium aluminium tetraethyl, structure 
385-386 


M 

Magnetic susceptibility, determination by 
NMR 4 

Manganese carbonyl derivatives 213-223 
halides, reactions 217-221 
halogenation 216 
nitrosyl complexes 215-21^ 
perfluoropropenyl compound 47 
substitution 219-220 
trimethylene compound 26 
Mass spectra 
alkyl diboranes 289 
diboranes 289 

organolithium compounds 371-372 
Mercury divinyl 35 
Metal carbonyls 
infra-red spectra 187 
Lewis base-complexes 181-252 
Metal-metal bonds 183-184, 227, 239, 246, 
251-252 

Methyl-metal compounds 
Group IV 5, 16 
NMR 5, 16 

Methyllithium, structure 370-371 
Molecular oxygen carrier 245-246 
Molybdenum carbonyl derivatives 196-213 

N 

Neocarborane (1,7-dicarbaclovododecabo- 
rane(12)) 318, 335-336 
derivatives 353 

Nickel carbonyl derivatives 247-250 
CO exchange 250 
phosphine complexes 247-249, 250 
Nitrosyl complexes 
cobalt 240-241 


iron 229-230 

manganese 215-216, 219, 222 
vanadium 196 

Nuclear magnetic resonance (NMR) 
alkenyl-metal compounds 37, 38-41 
alkyldiboranes 289-290 
alkyl-metal compounds 21, 22-25 
TT-allyl complexes 71-91 
arene complexes 150, 153, 154 
azulene complexes 107-112, 113 
TT-bonded organometallic compounds 47- 
156 

<7-bonded organometallic compounds 4- 
47 

boranes 289, 294, 297, 303 
butadiene complexes 92, 103 
carbocyclic olefin-metal compounds 53- 
62 

carboranes 336-337 
cycloheptadiene complexes 99 
cycloheptatriene complexes 99 
cyclohexadiene complexes 97-98 
cyclohexadienyl complexes 129-132, 149 
cyclooctatetraene complexes 99-100, 106, 
161 

cyclooctatriene complexes 100, 156 
cyclopentadiene complexes 94-96 
cyclopentadienyl complexes 114-127 
determination of magnetic susceptibility 4 
diboranes 289-290 
diene complexes 105 
diolefin complexes 54-62, 63 
ethyl-metal compounds 16-21 
exchange studies 156-159 
ferrocenes 114, 127-129, 135-149 
fluorocarbon derivatives 26, 27-29, 31, 35, 
43-47 

methyl-metal compounds 5-16 
TT -olefin complexes 47-156 
C 2 system 47-71 
C3 system 71-91 
Ca system 91-113 
Cb system 114-154 
Cb system 150-153, 154-155 
C7 system 155-156 
organolithium compounds 381-383 
phenyl-metal compounds 41-43 
time-dependent phenomena 156-161 
valence tautomerism 159-161 
vinyl-metal compounds 32-34, 35 
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IT-Olefin complexes, NMR 47-156 
C 2 system 47-71 
Ca system 71-91 
C 4 system 91-113 
Cb system 114-154 
Cu system 150-153, 154-155 
Cl system 155-156 

Organogermanium-nitrogen compounds 
398-412 

cleavage of Ge-N bond 408-412 
heterocyclic nitrogen derivatives 405-407 
preparation 398-407 
reactions 407-412 
Organogermylamines 400-405 
Organolead-nitrogen compounds 440-443 
Organolithium compounds 365-393 
acid-base behaviour 383-384 
association in solution 373-374 
complex derivatives 384-387 
dipole moments 376 
electronic structure 377-380 
heats of formation 380-381 
infra-red spectra 374-375 
mass spectra 371-372 
NMR spectra 381-383 
preparation 366-368 
properties 366-368 
reaction mechanisms 387-393 
structure 368-371 
Organotin amides 
preparation 424-431 
properties 431-433 
Organotin amines 
nomenclature 416 
preparation 416-419 
properties 420-422, 425-427 
reactions 423-424 

Organotin-nitrogen compounds 413-439 
complex compounds 413-416 
nomenclature 416 

heterocyclic nitrogen derivatives 433-439 
preparation 434 
properties 435-438 
structure 438-439 

Organothallium compounds 158-159 
Osmium carbonyl, Lewis base complexes 
236-237 


Oxygen, adduct with iridium carbonyl-phos¬ 
phine complex 245-246 

P 

Palladium carbonyl complexes 250-251 
Pentaborane(9) derivatives 297-299, 300 
Pentaborane(l 1 ) derivatives 299, 301-302 
Perfluoroacyl-metal compounds 31 
Perfluoroalkyl-metal compounds 26, 27-29, 
31, 35 

Perfluoroallyl chloride 47 
Perfluorophenyl-metal compounds 43 
Perfluoropropenyl manganese carbonyl 47 
Perfluorovinyl-metal compounds 43-45 
o-Phenylenebis(dimethylarsine), see Diarsine 
Phenyl-metal compounds 41-43 
Phosphine complexes, see also Bridged phos¬ 
phine complexes 
carborane 331-332 
chromium 201-204 
cobalt 237-243 
diboranes 281-283 
iridium 244-247 
iron 224-225, 229-234 
manganese 214, 216-219, 221-222 
molybdenum 201-204 
nickel 247-250 
osmium 236-237 
palladium 251 
platinum 251 
rhenium 223-224 
rhodium 243-244 
ruthenium 236 
tungsten 201-204 
vanadium 195-196 
Platinum carbonyl complexes 251 
Platinum chloride 

cyclopropane complex 26 
ethylene complex 48 

R 

Reaction mechanisms 
CO exchange in metal carbonyl derivatives 
192-193 

organocobalt carbonyls 242 
organolithium compounds 387-393 
effect of bases 392-393 
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substitution, in Group VI metal carbonyls 
196, 207-208 

in manganese carbonyl derivatives 
219-220 

Reactivity of Ge-N bond 408-412 
Rhenium carbonyl derivatives 223-224 
ethylene complex 49 
halides 223-224 

Rhodium, carbonyl halides 243-244 
ethylene cyclopentadienyl complex 49 
phosphine complexes 243-244 
Ruthenium carbonyl, Lewis base complexes 
235-236 


s 

Spectroscopy, see Infra-red spectra. Mass 
spectra, Nuclear magnetic resonance 

Spin-spin coupling constants, theoretical cal¬ 
culation 3 

Sulphur-containing complexes 
cobalt 239-240 
iron 225-228, 232-233, 235 
manganese 215, 217, 222 
molybdenum 206, 211, 213 
rhenium 224 
rhodium 244 
tungsten 211 

T 


Tetra(difluoromethylene)metal complexes 29, 
36 

Tetrahydroborates, organosubstituted 292- 
294 

Tetramethyl tin 20 

Time-dependent phenomena in NMR 156- 
161 

Tin-nitrogen compounds 413-439, see also 
Organotin-nitrogen compounds 

Transition metals 
TT-allyl complexes 71-91 
TT-bonded organometallic compounds 47- 
156 

o- -bonded organometallic compounds 4- 
47 

Lewis base-carbonyl complexes 181-252 
TT -olefin complexes 47-71 

Trimethylene manganese carbonyl 26 

Triphenylphosphine complexes see Phos¬ 
phine complexes 

Tungsten carbonyl derivatives 196-213 


V 

Valence tautomerism 159-161 
Vanadium carbonyl derivatives 195-196 
Vinyl-metal compounds 32-34, 35 


Tetraboranes Z 

alkyl derivatives 294-295 

CO complex 295-297 Zinc diethyl 21 



